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ABSTRACT 
 
Coulter, Nolan MSAE, Embry-Riddle Aeronautical University, December 2018. Design of 
an Attitude Control System for a Spacecraft with Propellant Slosh Dynamics. 
 
The presence of propellant slosh dynamics in a spacecraft system during a 
maneuver leads to attitude control system (ACS) performance degradation resulting in 
attitude tracking errors and instability. As spacecraft missions become more complex and 
involve longer durations, a substantial propellant mass is required to achieve the mission 
objectives and perform orbital maneuvers. When the propellant tanks are only partially 
filled, the liquid fuel moves inside the tanks with translational and rotational accelerations 
generating the slosh dynamics. This research effort performs a comparative study with 
different optimal control techniques and a novel application of a model reference artificial 
immune system adaptive controller (MRAIS). A linearized model of a realistic spacecraft 
dynamic model incorporating propellant slosh is derived utilizing the mass-spring analogy. 
Simulations with the linearized models assist in control law development to achieve the 
control objective: to suppress the fuel slosh dynamics while obtaining the desired attitude. 
These control laws are then tested with the nonlinear equations of motion for a spacecraft 
with propellant slosh dynamics to evaluate the ability of the models to design an attitude 
control system. Monte Carlo analysis is also applied to characterize the performance of 
each controller and determine the most significant parameters that cause instability issues. 
The Model Reference Artificial Immune System has superior performance in comparison 
to the baseline optimal control systems and is more robust to system instabilities, actuator 
failures, and aggressive maneuvers.  
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1. Introduction 
1.1. Propellant Slosh Problem 
Fuel slosh develops from the natural dynamics of a free liquid surface inside of a 
container, which can cause sporadic movements to partially filled liquid containers. As a 
spacecraft performs rotational and translational maneuvers, free moving propellant in a 
partially filled tank can excite destabilizing oscillatory modes as the free liquid surface 
undergoes complex motions imparting forces and moments on the vehicle. Fuel slosh 
becomes a larger problem as the fuel mass and tank size increase, and with space missions 
increasing in complexity, a considerable amount of fuel is required to execute the trajectory 
maneuvers. A geosynchronous satellite’s fuel mass can reach approximately 40% of the 
entire spacecraft’s mass (Reyhanoglu M. , 2011). 
Fuel slosh can result in complete system failures such as the Falcon 1 orbital 
insertion failure in 2007 and the unsuccessful firing of the NEAR spacecraft in 2000. These 
systems experienced propellant slosh dynamics that were not damped causing the 
spacecraft to miss the orbital insertion window. Traditionally, liquid slosh suppression 
methods involved the inclusion of physical barriers in the propellant tank design. The 
physical barriers include baffles (Figure 1) or tank compartmentalization (Figure 2) to 
prevent the liquid fuel from moving in large amplitudes at low frequencies (Souza & Souza, 
2015) (Santhanam, Baum, Kim, & Gangadharan, 2014). Later, tank designs employed 
other physical suppression devices such as bladders; however, these physical suppression 
techniques add mass, complexity, and cost to the system. Thus, a control system that is 
capable of both precise attitude control and fuel slosh suppression is desirable. 
2  
   
 
 
Figure 1. Schematics of tank compartmentalization (Dodge, 2000). 
 
 
Figure 2. Propellant tank baffle designs (Dodge, 2000). 
 
A challenging controls problem arises when fuel slosh dynamics are present due to 
the highly coupled nature of the rigid body spacecraft motion and the slosh dynamics. 
Furthermore, this system is an underactuated system with uncontrollable sloshing modes. 
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When designing an Attitude Control System (ACS) for a spacecraft, knowledge of the fuel 
interaction must be taken into account as the slosh dynamics can impair the ACS pointing 
requirements. For close proximity and orbital operations, a robust control system must be 
developed that can reject the undesirable fuel slosh modes while executing the precise 
maneuvers.  
When excited by the rotation and translation of the spacecraft, the liquid 
experiences non-planar, rotational, irregular beating, quasi-periodic, and chaotic motions. 
Due to the randomness of this motion, an analytical solution for the general liquid-filled 
spacecraft motion is difficult to solve and usually requires complex CFD analysis to capture 
the sloshing dynamics (Marsell, et al., 2009). However, Abramson demonstrated 
(Abramson, 1966) that mathematical models of simpler mechanical systems can 
approximate the complicated sloshing dynamics. Preliminary propellant slosh studies and 
control system designs utilize the simplified pendulum and mass-spring models as the 
equivalent models. Linearized controller designs are a common approach to propellant 
slosh suppression utilizing the mechanical models (Shageer & Tao, Auguest 2007) (Sidi, 
1997) (Arthur E. Bryson, 1994). It is important to note that these linearized controllers are 
capable of suppressing the slosh dynamics; however, the linear control systems inevitably 
lead to a transverse velocity motion that a linear control system cannot maintain by itself. 
Nonlinear controllers address this transverse velocity problem (Reyhanoglu M. , 2011), but 
literature has not sufficiently addressed this problem for linearized control systems. 
This research effort focuses on a spacecraft with a partially filled spherical tank. A 
two mass spring-mass-damper system captures the two lowest frequency slosh modes in 
the dynamic model. This equivalent system assumes that the higher frequency slosh modes 
4  
   
 
will have negligible effects on the spacecraft dynamics. The spacecraft configuration 
utilizes control forces and moments to achieve the desired planar maneuver. A zero gravity 
environment is assumed for spacecraft test cases. These assumptions generate a simplified 
spacecraft dynamic model for preliminary attitude control system design and analysis. The 
ACS control objective is to suppress the fuel slosh dynamics while achieving the 
commanded attitude maneuver. This control objective extends to include the regulation of 
the transverse velocity for a two-phase control system development and testing. The two-
phase control system is designed to regulate any transverse velocity acquired by the system 
performing a pitch maneuver under acceleration. A nonlinear spacecraft plant model tested 
the linear based control systems to determine the validity of the linearized models in control 
system design. Monte Carlo dispersion analysis is then used to characterize the significant 
parameters in ACS performance and determine the overall performance of each control 
architecture. 
1.2. Research Objective 
This thesis provides a comparison of optimal and adaptive control architectures for 
a spacecraft with propellant slosh dynamics. A novel application of a Model Reference 
Artificial Immune System (MRAIS) adaptive control system is presented with analysis of 
the performance and the controller’s ability to identify and compensate for the fuel slosh 
dynamics. Designed using the linearized equivalent propellant slosh modes, the MRAIS 
based attitude control system is compared to other optimal and adaptive control 
architectures to distinguish the performance characteristics. Each attitude control system is 
then tested with the nonlinear dynamics and equations of motion to characterize the ability 
of the linear design method to achieve the control objectives in a nonlinear system. Monte 
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Carlo dispersion analysis is employed to determine the effects of the parameters on the 
ACS and examine the control systems’ ability to achieve the control objective given 
parameter uncertainties in the system. 
1.3. Organization of Thesis 
The content of this thesis following this introduction of the propellant slosh 
problem begins with Chapter 2. Chapter 2 presents the mathematic model derived for the 
nonlinear spacecraft with propellant slosh dynamics system followed by the linearization 
of the equations of motion and the final linearized system. A discussion is presented on the 
validity of the linearized model to successfully represent the fuel slosh problem and the 
limitations of the model when designing an attitude control system. 
The different control architectures developed and tested in this comparative study 
are provided in Chapter 3. This chapter presents the control laws for the optimal and 
adaptive schemes used to develop an attitude control system to obtain the control objective: 
suppress the propellant slosh dynamics while achieving the desired attitude maneuver. 
Chapter 4 discusses the simulation environments used to develop and test each 
attitude control system. First, the spacecraft configuration and design parameters are 
chosen to reflect a sizeable spacecraft with design parameters reflective of the Cassini 
spacecraft. From this chosen configuration, the mechanical model for the propellant slosh 
dynamics are validated. The linearized model is equated using the chosen design with a 
brief discussion on the state space model and stability. The nonlinear model is then 
discussed which contains the nonlinear equations of motion for the spacecraft model. Also 
implemented in the nonlinear model, an attitude control thruster actuator model is 
developed to represent a more realistic control system on a spacecraft. The nonlinear 
6  
   
 
system with the developed actuator model are designed to test each ACS ability to achieve 
the control objective given nonlinearities and limitations on the control input. To provide 
a metric for ACS performance comparisons, a performance index is designed. The 
performance index uses the control actuation and attitude error to provide a normalized 
metric for direct comparison of the control systems. 
The results of each designed attitude control systems’ performance for the 
linearized spacecraft system are presented in Chapter 5. These test results consist of a 
nominal and failure test case designed to determine the ability of the control system in 
driving the spacecraft to the desired state. Both the nominal and failure test cases require 
the control system to perform a pitch maneuver; however, with the failure test case, a 
thruster failure is injected in the system. The attitude control system should be able to reject 
this added system disturbance and obtain the desired attitude. 
The control systems are also tested using the full nonlinear equations of motion of 
a spacecraft with fuel slosh. The ACS performance results are presented in Chapter 6 for 
both a nominal and failure test case using the nonlinear simulation environment. Similar to 
the linear spacecraft simulation testing, the control systems are tested in the nonlinear 
environment to demonstrate the capabilities of each control system in maintaining 
performance despite unconsidered nonlinearities during the design phase. The nominal and 
failure cases used for the nonlinear simulation are the same as scenarios conducted in the 
linear simulation. This provides a direct comparison to characterize the effectiveness of 
using the linear spacecraft model to design an ACS for the nonlinear system. 
The control systems presented in this research are linearly derived control 
architectures. When performing an attitude maneuver, the spacecraft will excite the 
7  
   
 
transverse velocity. For most spacecraft, especially those performing close proximity 
operations, the transverse velocity is undesirable. Chapter 7 presents the development and 
results of a two-phase attitude control system. This control system utilizes the artificial 
immune system based control architecture coupled with a PID controller to achieve the 
desired attitude maneuver while also regulating any transverse velocity generated from the 
maneuver. 
 Monte Carlo dispersion analysis is conducted to characterize the effects of the 
difference spacecraft design parameters on the attitude control system. For all of the test 
cases for the linear and nonlinear systems, the spacecraft configuration was considered 
fixed with a single configuration. However, in most ACS design scenarios, the spacecraft 
configuration will not be exact. The results of the Monte Carlo analysis are presented in 
Chapter 8. These results show the effects on ACS performance of varying design 
parameters and also demonstrate the effects the nonlinearities have on the linearized 
control system. 
 Chapter 9 summaries the results produced for attitude control system performance 
and the effectiveness of utilizing the linear spacecraft model to develop the control system 
for the nonlinear spacecraft with propellant slosh. Suggestions for future work are 
presented in Chapter 10. 
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2. System Mathematical Modeling 
Mathematical representations of complex systems are critical to control system 
design and analysis. This chapter presents the linearized spacecraft model used in the 
development of the attitude control systems developed in Chapter 3. Several assumptions 
simplify the complex and highly coupled dynamics of a rigid spacecraft body and the liquid 
slosh creating an approximate nonlinear model. The equations of motion are presented for 
the underactuated, multi-body spacecraft with propellant slosh dynamics. The model 
utilizes a two body mass-spring analogy to capture the two lowest frequency slosh modes. 
These slosh modes have been shown to have the greatest adverse effect on spacecraft 
control. The model is linearized to develop a spacecraft model for the ACS performance 
characterization. 
2.1. Spacecraft Model 
The equations of motion for a rigid body spacecraft are presented in this section for 
a multiple input, multiple output (MIMO) system. The spacecraft design assumes a 
spherical propellant tank and the model captures the two lowest frequency sloshing 
dynamics. A generalized coordinate system is used to derive the equations of motion of the 
system and fully describe the motion of the spacecraft and fuel. For close proximity and 
orbital operations, the spacecraft model assumes the maneuvers occur in a zero gravity 
environment with a partially filled fuel tank to excite the fuel slosh modes. To simplify the 
problem, the spacecraft motion is restricted to a single plane as indicated in Figure 3. The 
important parameters for the spacecraft system are the axial and transverse acceleration 
components, vx and vz respectively, and θ, the spacecraft attitude angle taken with respect 
to the inertial reference frame. The slosh mode is represented by the mass-spring system 
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with a point mass, mf, with a spring displacement relative to the body z-axis denoted by xs. 
The input variable used for attitude control is the transverse thruster force, f. Representative 
of close proximity maneuvers, this paper analyzes an accelerating spacecraft with a 
constant, non-zero thrust F, with rotational moments generated from the side thrusters. The 
constants in the system are the spacecraft mass, m, the moment of inertia, J, the fuel mass, 
mf, and the distances, b and d, which are measured on the longitudinal axis from the center 
of mass. The parameters mf, If, and k depend on the shape of the fuel tank and the 
characteristics of the fuel and fill ratio of the fuel tank. Although the fuel mass is time 
varying, it is held fixed for analysis purposes as the variations in the fuel mass are slower 
in comparison to the attitude dynamics. 
 
 
Figure 3. Spacecraft configuration. 
 
The simulation environment for the control system design utilizes a spacecraft 
model developed using the process in (Reyhanoglu & Hervas, Thrust Vector Control of an 
Upper-Stage Rocket with Multiple Propellant Slosh Modes, 2012) which expresses the 
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equations of motion in terms of the spacecraft translational velocity vector, the spacecraft’s 
attitude angle, angular velocity, and the internal slosh modes and their derivatives. 
First, a generalized coordinate is defined where 𝑖̂ and ?̂? are unit vectors fixed along 
the longitudinal and transverse axes of the spacecraft. Using this coordinate system, the 
center of mass of spacecraft can be expressed as: 
𝑟 = (𝑥 − 𝑏)𝑖̂ + 𝑧?̂? (1) 
 
and the velocity and acceleration of the spacecraft center of mass is defined as: 
?̇? = 𝑣𝑥𝑖̂ + (𝑣𝑧 + 𝑏?̇?)?̂? (2) 
  
?̈? = (𝑎𝑥 + 𝑏?̇?
2)𝑖̂ + (𝑎𝑧 + 𝑏?̈?)?̂? (3) 
From equations (2) and (3), the body frame velocities and accelerations are represented as: 
𝑣𝑥 = ?̇?𝑖̂ + 𝑧?̇??̂? 𝑎𝑥 = (𝑣?̇? + 𝑣𝑧?̇?) 
 
𝑣𝑧 = ?̇?𝑖̂ − 𝑥?̇??̂? 𝑎𝑧 = (𝑣?̇? − 𝑣𝑥?̇?) 
These equations define the coordinate system for the rigid body spacecraft dynamics.  
The coordinate system also relates the position of the fuel masses. These masses 
represent the slosh dynamics where the position of each mass is described in the spacecraft-
fixed coordinate frame by: 
𝑟0⃑⃑⃑⃑ = (𝑥 + 𝑏)𝑖̂ + 𝑧?̂? (4) 
  
𝑟𝑖⃑⃑ = (𝑥 + ℎ𝑖)𝑖̂ + (𝑧 + 𝑥𝑠,𝑖)?̂? (5) 
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where the inertial accelerations of the spring-mass-damper bodies are defined: 
 𝑟0⃑⃑⃑⃑̈ = (𝑎𝑥 − ℎ0?̇?
2 + ℎ0̈)𝑖̂ + (𝑎𝑧 − 2ℎ0?̇? − ℎ0?̈?)?̂? (6) 
  
𝑟𝑖⃑⃑ ̈ = (𝑎𝑥 + ℎ𝑖?̇?
2 + ℎ?̈? + 𝑥𝑠,𝑖?̈? + 2𝑥𝑠,𝑖̇ ?̇?)𝑖̂ + (𝑎𝑧 − 2ℎ𝑖?̇? − ℎ𝑖?̈? + 𝑥𝑠,𝑖 −̈ 𝑥𝑠,𝑖?̇?
2)?̂? (7) 
 
 With the position vectors and the accelerations defined for the spacecraft and slosh 
dynamics, Newton’s second law is used for the system to achieve the forces: 
?⃑? = 𝑚?̈? + ∑ 𝑚𝑖𝑟𝑖⃑⃑ ̈
𝑛
𝑖=0
 (8) 
The moments acting on the entire system are expressed: 
?⃑⃑⃑? = (𝐼 + 𝐼0 +  ∑𝐼𝑖
𝑛
𝑖=0
) ?̈?𝑗̂ + ?⃑? × 𝑚?̈? + ∑𝑝𝑖⃑⃑⃑ ⃑ × 𝑚𝑖𝑟𝑖⃑⃑ ̈ = 𝑀 + 𝑓(𝑏 + 𝑑)
𝑛
𝑖=0
 (9) 
 
 The constrained motion of the fuel masses are defined with the following equation 
(10), where ci is the dissipative effects due to the natural viscous effects of the liquid acting 
on the tank walls: 
 𝑚𝑖(𝑥𝑠,𝑖̈ − 𝑥𝑠,𝑖?̇?
2 + 𝑎𝑧 − 2ℎ?̇??̇? − ℎ𝑖?̈?) = −𝑐𝑖𝑥𝑠,𝑖̇ − 𝑘𝑖𝑥𝑠,𝑖  (10) 
 Applying equations (2) through (7) into the force and moment equations for the 
system yields the following nonlinear equations of motion for the entire multi-body system. 
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(𝑚 + 𝑚𝑓)(𝑣?̇? +  𝑣𝑧?̇?) + 𝑚0ℎ0̈ + ∑𝑚𝑖(𝑥𝑠,𝑖?̈? + 2𝑥𝑠,𝑖̇ ?̇? + ℎ?̈?)
𝑛
𝑖=1
= 𝐹 (11) 
(𝑚 + 𝑚𝑓)(𝑣?̇? −  𝑣𝑥?̇?) + 𝑚𝑏?̈? − 2𝑚0ℎ0̇?̇? + ∑𝑚𝑖(𝑥𝑠,𝑖̈ − 𝑥𝑠,𝑖𝜃2̇ − 2ℎ?̇??̇?)
𝑛
𝑖=1
 = 𝑓 (12) 
(𝐼 + 𝐼0 + 𝑚𝑏
2 + 𝑚0ℎ0
2 + ∑{𝐼𝑖 + 𝑚𝑖(ℎ𝑖
2 + 𝑠𝑖
2)}
𝑛
𝑖=1
) ?̈?
+ ∑𝑚𝑖{𝑥𝑠,𝑖(𝑣?̇? +  𝑣𝑧?̇?) − ℎ𝑖𝑥𝑠,𝑖̈ + 2(𝑥𝑠,𝑖𝑥𝑠,𝑖̇ + ℎ𝑖ℎ?̇?)?̇?
𝑛
𝑖=1
+𝑥𝑠,𝑖ℎ?̈?}
+ 2𝑚0ℎ0ℎ0̇𝜃0̇ + 𝑚𝑏(𝑣?̇? −  𝑣𝑥?̇?) = 𝑓(𝑏 + 𝑑) 
(13) 
𝑚𝑖(𝑥𝑠,𝑖̈ − 𝑥𝑠,𝑖?̇?
2 + 𝑎𝑧 − 2ℎ?̇??̇? − ℎ𝑖?̈?) + 𝑐𝑖𝑥𝑠,𝑖̇ + 𝑘𝑖𝑥𝑠,𝑖 = 0 (14) 
 
Equations (11) through (14) are the nonlinear equations of motion for the spacecraft 
with the two lowest frequency fuel slosh modes. These equations show that the fuel slosh 
dynamics and rigid body motion of the spacecraft are highly coupled. Thus, to design the 
ACS and characterize the controller’s ability to achieve the control objectives, the 
nonlinear equations are linearized. 
2.2. Linearization 
  A numerical solution to the coupled nonlinear equations of motion is very difficult 
to solve. The controllers developed and compared for the spacecraft with propellant slosh 
problem are linearly derived. Thus a linearized form of the equations of motion of the 
spacecraft with fuel slosh system is obtained about an equilibrium point. First, the axial 
and transverse components of the acceleration of the fuel tank center are defined as 𝑎𝑥 =
 (𝑣?̇? + 𝑣𝑧?̇?) and 𝑎𝑧 = (𝑣?̇? − 𝑣𝑥?̇?), respectively. The four nonlinear equations can then be 
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reduced to two by solving equations (7) and (8) for the unknown acceleration components 
and eliminating the acceleration terms from equations (9) and (10). The isolated 
acceleration components are given by: 
𝑎𝑥 =
𝐹 − (𝑚0ℎ0̈ + ∑ 𝑚𝑖(𝑥𝑠,𝑖?̈? + 2𝑥𝑠,𝑖̇ ?̇? + ℎ?̈?)
𝑛
𝑖=1
𝑚 + 𝑚𝑓
 (15) 
  
𝑎𝑧 =  
𝑓 − (𝑚𝑏?̈? − 2𝑚0ℎ0̇?̇? + ∑ 𝑚𝑖(𝑥𝑠,𝑖̈ − 𝑥𝑠,𝑖𝜃2̇ − 2ℎ?̇??̇?)
𝑛
𝑖=1 )
𝑚 + 𝑚𝑓
 (16) 
  Using the acceleration components and applying them to equations (15) and (16) 
yields two simplified equations of motion. 
(𝐼 + 𝐼0 + 𝑚𝑏
2 + ∑{𝐼𝑖 + 𝑚𝑖(ℎ𝑖
2 + 𝑠𝑖
2)}
𝑛
𝑖=1
) ?̈? 
+∑𝑚𝑖{𝑥𝑠,𝑖 (
𝐹 − ∑ 𝑚𝑖(𝑥𝑠,𝑖?̈? + 2𝑥𝑠,𝑖̇ ?̇?)
𝑛
𝑖=1
𝑚 + 𝑚𝑓
) − ℎ𝑖𝑥𝑠,𝑖̈ + 2(𝑥𝑠,𝑖𝑥𝑠,𝑖̇ )𝜃}̇
𝑛
𝑖=1
 
+
𝑚𝑏
𝑚 + 𝑚𝑓
{𝑓 − (𝑚𝑏?̈? + ∑ 𝑚𝑖(𝑥𝑠,𝑖̈ − 𝑥𝑠,𝑖𝜃2̇)
𝑛
𝑖=1
)} = 𝑓(𝑏 + 𝑑) 
(17) 
  
𝑚𝑖 (𝑥𝑠,𝑖̈ − 𝑥𝑠,𝑖?̇?
2 +
𝑓−(𝑚𝑏?̈?+∑ 𝑚𝑖(𝑥𝑠,𝑖̈ −𝑥𝑠,𝑖𝜃
2̇)𝑛𝑖=1 )
𝑚+𝑚𝑓
− ℎ𝑖?̈?) + 𝑐𝑖𝑥𝑠,𝑖̇ + 𝑘𝑖𝑥𝑠,𝑖 = 0  (18) 
 
  Without loss of generality, the reduced nonlinear equations of motion can be 
linearized around the assumed equilibrium point corresponding to the inputs [M, f] = 0. 
The assumed desired equilibrium point is given by: 
𝑥∗ = [𝜃∗,  ?̇?∗, 𝑥𝑠,1
∗ ,  𝑥𝑠,1̇
∗, 𝑥𝑠,2
∗ ,  𝑥𝑠,2̇
∗] = [0 0 0 0 0 0]𝑇 
  The linear model can also be represented in state space form by the linear model 
described by: 
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?̇?(𝑡) = 𝑨𝐱(𝑡) + 𝑩𝐮(𝑡) 
𝐲(𝑡) =  𝐂𝐱(𝑡) + 𝐃𝐮(𝑡) 
where x represents the state vector, A ϵ R6x6 is the state matrix, B ϵ R6x2 is the input matrix, 
and u is the control input. The A and B matrices are given by: 
𝐴 =
𝛿𝑓
𝛿𝑥
|
𝑥𝑒,𝑢𝑒
, 𝐵 =  
𝛿𝑓
𝛿𝑢
|
𝑥𝑒,𝑢𝑒
 
This yields: 
𝐴 =  
1 1
2 2
1 1 2 2
* * * *
1 1 2 2
* * * *
1 1 2 2
* * * *
0 1 0 0 0 0
0 0
0 0 0 1 0 0
0 0
0 0 0 0 0 1
0 0
f f
f f
bk bc bk bc
I I I I
k c c c k b c b
mm I mm I I mI
k b c b k d c d
mI mI mm I mm I
 
 − − − −
 
 
 
 
− − − − 
 
 
 
 
− − − − 
 
 
 
* *
*
* *
*
* *
0 0
1
0 0
0 0
d
I I
B I bdm b
I I
I bdm b
I I
 
 
 
 
 
 
= − 
 
 
 
 −
 
 
 
 
𝐼∗ = 𝐼 + 𝐼𝑓1 + 𝐼𝑓2 ?̅? = 𝐼
∗(𝑚 + 𝑚𝑓1) ?̅? =  𝑚𝑏
2 + 𝐼∗ 
𝑐̅ =  𝑚𝑚𝑓1𝑏
2 + ?̅? ?̅? =  𝑚𝑚𝑓2𝑏
2 + ?̅? ?̅? = 𝐼∗(𝑚 + 𝑚𝑓2) 
 
The mass-spring-damper propellant slosh analogy was chosen for controller 
development and simulation because the analogy models the dynamics of a spacecraft with 
fuel slosh for close proximity operations. The model is stable for both accelerating 
spacecraft and pure rotational motion. 
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2.3. Model Validity 
The mechanical equivalent model used to capture the slosh dynamics is an 
approximated model designed to simplify the complex motion of the propellant. The 
mechanical model breaks down and diverges from the actual motion present in the 
nonlinear system when the liquid’s surface tension forces are significant. The non-
dimensional parameter used to characterize hydrodynamic regimes is the Bond number 
(Reyhanoglu & Hervas, Nonlinear Control of Space Vehicles with Multi-Mass Fuel Slosh 
Dynamics, 2011). The Bond number is the ratio of acceleration related forces to the surface 
tension forces. The Bond number is given by: 
𝐵𝑜 =
𝜌𝑎𝑅2
𝜎
 
where 𝜌 is the density of the propellant, a is the acceleration of the liquid (which is the 
acceleration of the vehicle), R is a characteristic dimension (the radius of the tank), and 𝜎 
is the surface tension of the propellant. For Bond numbers much greater than one, the 
hydrodynamic regime is dominated by acceleration, while regimes with Bond numbers less 
than one are dominated by the liquid’s surface tension. To ensure the mechanical model is 
valid for ACS development and simulation testing, Bond number parameters were chosen 
to reflect a Cassini sized spacecraft using hydrazine as a monopropellant. The tank-radius 
based Bond number for the hydrazine in the presence of the main engine acceleration 
exceeds nine hundred indicating a regime that is dominated by the acceleration forces. 
 With higher Bond numbers, the liquid propellant settles to the bottom of the tank 
with the free standing liquid surface remaining flat and perpendicular to the thrust vector 
of the main engine. When a rotation is imparted on the spacecraft from the reaction wheels 
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or side thrusters, the propellant experiences a lateral acceleration. This lateral acceleration 
causes the propellant to “slide” along the tank surface with the propellant mass 
accumulating to one side of the tank. The equivalent spring-mass-damper model captures 
this motion where the fuel mass compresses one of the springs leaving a fuel mass 
displaced to one side of the tank. After the rotation is suppressed, the liquid propellant will 
oscillate until the motion is attenuated by the viscous forces and spacecraft acceleration. 
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3. Control System Architectures 
A well-designed control system should be capable of suppressing the fuel slosh 
disturbances within the system while obtaining attitude acquisition within an acceptable 
time frame. This requires the exploration of ACS design limits and a delicate balance 
between controller performance and robustness must be obtained (Souza & Souza, 2015). 
Due to the nature of proximity operations and orbital insertions, maneuvers can be 
dangerous to both the spacecraft and target asset; these maneuvers require precise 
execution. This requires the ACS to be robust to outside disturbances and unmodeled 
threats. These threats can include thruster misalignments resulting in imprecise thrust 
vectors, stuck solenoid values where thrust is generated for longer periods of time than the 
ACS requires, and other anomalies; the control system must adapt and reject any 
unmodeled threats or disturbances to the vehicle while completing the desired maneuvers.    
For the ACS design, linear, optimal, and adaptive control techniques are applied 
and compared. This includes a novel adaptive control application to a spacecraft with fuel 
slosh utilizing a model reference artificial immune system control architecture (MRAIS). 
The controllers developed and analyzed are the Proportional-Integral-Derivative (PID), 
tracking Linear Quadratic Regulator (LQR), the tracking Linear Quadratic Gaussian with 
integral action, a Model Reference Adaptive Controller (MRAC), and the Adaptive 
Immune System (AIS) augmented LQG with integral action. 
Regardless of the control law tested, all controllers have a similar architecture. The 
closed-loop form of the controllers is shown in Figure 4 where the desired state or reference 
state, in this case a desired attitude, is compared to the actual state measured by a sensor. 
This comparison generates an error that is sent to the controller, which could be any of the 
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controllers previously mentioned. The controller generates appropriate inputs, thruster 
force and moment, to achieve the desired state. This input, u, acts on the plant model and 
updates the system’s dynamics generating new states. Since the fuel slosh parameters are 
not directly measureable, full state feedback is not viable. Therefore, the updated states 
pass through a Kalman state observer to estimate the spacecraft and fuel slosh dynamics 
before the sensors update the measurements and begin the cycle again. The only difference 
for the LQR is the direct state feedback from the spacecraft plant. 
 
Figure 4. Generic control system architecture. 
3.1. Filtered PID Controller 
A Proportional Integral Derivative (PID) controller is implemented as an attitude 
control system to determine the capability of the basic linear controller in handling the 
underactuated system and achieving the control objective. The PID based attitude control 
system contains two controllers, one for the side thrusters and one for the momentum 
wheel. The thruster control system utilizes pitch rate feedback for spacecraft stabilization 
to counter the effects of high rates that will excite the slosh dynamics. The thruster and 
moment wheel control laws take the form: 
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𝑢𝑓(𝑡) = 𝐾𝑃𝜃(𝜃𝑟𝑒𝑓 − 𝜃) + 𝐾𝑖𝜃 ∫ (𝜃𝑟𝑒𝑓 − 𝜃)𝑑𝑡
𝑡
0
+ 𝐾𝑑𝜃(𝜃𝑟𝑒𝑓 − 𝜃) (
𝑑
𝑑𝑡
) − 𝐾𝑃?̇??̇? (19) 
𝑢𝑀(𝑡) = 𝐾𝑃𝜃?̇? + 𝐾𝑖?̇? ∫ ?̇? 𝑑𝑡
𝑡
0
+ 𝐾𝑑?̇??̇? (
𝑑
𝑑𝑡
) (20) 
This PID architecture uses the side thrusters to control the pitch angle while the reaction 
wheels are used to stabilize the system and suppress any undesired sloshing dynamics. 
From preliminary simulation testing, a standard PID control architecture over 
excites the slosh modes. Thus, a filter is added to control scheme with pitch rate feedback 
for spacecraft stabilization. A first-order low pass filter added to the PID based ACS design 
prevents the linear controller from commanding sudden and high amplitude responses 
which would excite the propellant slosh dynamics. The low pass filter takes the form: 
𝐶(𝑠) =
𝜔𝑛
𝑠 + 𝜔𝑛
 (21) 
𝜔𝑛 is the natural frequency of slosh dynamics. This low pass filter prohibits the controller 
from exciting the system and causing undesired and unstable dynamics when performing 
a desired maneuver. 
3.2. Linear Quadratic Regulator (LQR) 
Optimal control theory is prominent in space vehicle guidance and attitude control. 
Maximum performance is essential in space flight to complete mission objectives. Optimal 
control allows for maximum performance to be obtained given system constraints and 
uncertainties. Since the spacecraft with fuel slosh model is linearized, the Linear Quadratic 
Regulator (LQR) tracking controller was chosen as the baseline architecture for this 
comparison investigation. 
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A LQR tracking controller regulates the linear time-invariant system to the 
reference using a minimum cost determined by a cost function with respect to the control 
input u and system states x. It is assumed that the plant model is described by the linear 
state equations as: 
?̇?(𝑡) = 𝐴𝐱(𝑡) + 𝐵𝐮(𝑡) 
where x represents the state vector, A is the state matrix, B, the input matrix, and u is the 
control input. The LQR controller optimizes the function provided by equation (22) below: 
𝐽 =
1
2
[𝒙(𝑡𝑓) − 𝒓(𝑡𝑓)]
𝑇
𝑯[𝒙(𝑡𝑓) − 𝒓(𝑡𝑓)]
+
1
2
∫ {[𝒙(𝑡) − 𝒓(𝑡)]𝑇𝑸(𝑡)[𝒙(𝑡) − 𝒓(𝑡)] + 𝒖𝑇(𝑡)𝑹(𝑡)𝒖(𝑡)}𝑑𝑡
𝑡𝑓
𝑡0
 
(22) 
where r(t) is the desired state or reference value, tf, the final time, is constant, x(tf) is free, 
and the states and controls are not bounded. H and Q are positive semi-definite matrices, 
and R is a real symmetric and positive definite matrix. The Riccati equation, equation (23), 
can be solved to obtain the gain matrix, K(t), for the control law where s(t) is the 
symmetrical solution matrix of the differential Riccati equation (Kirk, 1988). 
?̇?(𝑡) =  −[𝑨𝑇(𝑡) − 𝑲(𝑡)𝑩(𝑡)𝑹−1(𝑡)𝑩𝑇(𝑡)]𝒔(𝑡) + 𝑸(𝑡)𝒓(𝑡)  (23) 
The optimal LQR tracking control law can be written as: 
      𝒖(𝑡) =  −𝑹−1(𝑡)𝑩𝑇(𝑡)𝑲(𝑡)𝒙(𝑡) − 𝑹−1(𝑡)𝑩𝑇(𝑡)𝒔(𝑡) 
𝒖(𝑡) ≜ 𝑭(𝑡)𝒙(𝑡) + 𝒗(𝑡) 
(24) 
where F(t) is the feedback gain matrix and v(t) is the commanded signal. The commanded 
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signal, v(t) is dependent on the system parameters and on the reference signal. 
It is important to note that the LQR requires all states to be available for feedback. 
In a realistic setting, the sloshing states will not be available to feedback as the sloshing 
parameters cannot be directly measured by sensors onboard the spacecraft (Souza & Souza, 
2015). It is for this reason that integral action augmentation was not considered for the 
LQR for performance comparison. In order to utilize an LQR architecture, a Kalman Filter 
must be designed and utilized to estimate the unavailable sloshing states. 
3.3. Linear Quadratic Gaussian (LQG) 
To provide a more realistic control system architecture for comparison, a Linear 
Quadratic Gaussian (LQG) controller is designed and implemented. The LQG is a union 
of the tracking Linear Quadratic Regulator (LQR) with a Kalman Estimator used to 
estimate the states for the state feedback. The principle of separation is used allowing 
implementation of the LQR controller designed in the previous section before the Kalman 
Estimator is designed. 
The same tracking LQR control laws obtained in the previous section apply to the 
LQR implemented in the LQG control architecture. The Kalman Estimator can be designed 
using the principle of duality. The system is given as: 
?̇?(𝑡) = 𝑨𝐱(𝑡) + 𝑩𝐮(𝑡) + 𝑮𝐯(𝑡) 
𝐲(𝑡) =  𝐂𝐱(𝑡) + 𝐃𝐮(𝑡) + 𝐰(𝑡) 
where v(t) and w(t) are the process and measurement noises respectively. The estimation 
error covariance is defined as 𝑒(𝑡) = ?̂?(𝑡) − 𝐱(𝑡) where ?̂?(𝑡) signifies the estimated state 
and 𝐱(𝑡) represents the actual state. The desired behavior of the Kalman Estimator is to 
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drive the error between the actual state and the estimated state to zero. The Algebraic 
Riccati Equation (ARE) for the dual system is defined as: 
?̇?(𝑡) = 𝑨𝒔(𝑡) + 𝒔(𝑡)𝑨𝑇 − 𝒔(𝑡)𝑪𝑇𝑹−1𝑪𝒔(𝑡) + 𝑮𝑸𝑮𝑇 (25) 
where Q is a positive semi-definite matrix, and R is a real symmetric and positive definite 
matrix. For the Kalman Estimator, Q and R are weight matrices that can be used as 
parameters for “tuning” the performance of the estimator. This requires careful 
consideration of their values and manipulated to produce the desired response. The Kalman 
Filter gain, L(t), is given by equation (23). 
𝐋(𝑡) = 𝒔(𝑡)𝑪𝑇𝑹−1 (26) 
The designed Kalman Estimator is combined with the LQR to produce the LQG 
method. The LQG estimates the fuel slosh parameters, xs, the spring displacement, and xṡ, 
the fuel mass velocity. These parameters are entirely dependent on the tank structure, fuel 
properties, fuel mass, and fill ratio which are difficult to measure for LQR state feedback 
purposes. Thus, the designed LQG architecture gives a more realistic scenario. 
3.4. Linear Quadratic Regulator with Integral Action 
Although the LQR provides an optimal solution to the tracking problem, the linear 
quadratic regulator control architecture is still susceptible to steady state errors. The LQR 
tracking controller is designed to drive a state variable to a commanded reference while 
regulating the other states to zero. For state feedback, the correct steady state response is 
dependent on the plant model. In the presence of unmodeled disturbances or parameter 
uncertainties in the system, the model’s integrity degrades resulting in worse LQR 
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performance. Thus, an alternative is to augment the LQR with integral action, where the 
controller utilizes an integrator to provide zero steady state error and drive the system to 
the desired reference despite model discrepancies (Zamzur, Zolotas, & Goodall, 2007). 
To enable integral feedback to the LQR, a state variable is created to track the error 
of the system. This added error state, z, is used in the feedback process to determine the 
control input. The system model with integral action utilizes the system modifification as 
shown in equation (24). 
[
?̇?
?̇?
] = [
𝐴𝑥 + 𝐵𝑢
𝑦 − 𝑟
] = [
𝐴𝑥 + 𝐵𝑢
𝐶𝑥 − 𝑟
] 
[
?̇?
?̇?
] = [
𝐶 0
𝐴 0
] [
𝑥
𝑧
] + [
0
𝐵
]𝑢 
(27) 
Note that the augmented system defines the state, z, as the integral error between 
the reference, r, and actual measured output, y. Thus, when the system is stabilized and ?̇? 
= 0, the output will equal the reference state and the system will have zero steady state 
error. The control law for the LQR with integral action then becomes (Kirk, 1988): 
𝑢 =  −𝐾𝑖𝑧(𝑡) − 𝐾𝑝[𝑥(𝑡) − 𝑥𝑑(𝑡)] + 𝑢𝑑 (28) 
where Ki is the integral term, Kp is the normal LQR state feedback gain, and ud signifies 
the reference input for the nominal model.  
Adding integral action to the LQR provides a more robust ACS design capable of 
compensating for unknown disturbances. The linearized spacecraft model provides the 
dynamics for the fuel slosh; however, this model is not high fidelity due to model parameter 
uncertainties in the system or disturbances to the system. The integral feedback provides 
an optimal control technique that will regulate the state variable to the desired reference 
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without steady state error despite disturbances to the system. 
3.5. Model Reference Adaptive Control 
The model reference adaptive controller is a traditional adaptive control 
architecture widely used and applied to aerospace systems. The MRAC is shown to have 
good features in terms of performance for error tracking based on the designed reference 
model. The MRAC derived ACS is comprised of several main elements which typically 
consist of the control laws, a reference model or state predictor, and the adaptive law. The 
control law generates the controller’s output to drive the system to the desired reference 
based on the errors between the state predictor and actual system. The state predictor 
models the desired performance or response of the system which is used determine the 
required control response. The adaptive control law determines the adaptation speed of the 
system and estimates the uncertainties in the plant. Figure 5 presents the general control 
architecture for the MRAC. 
 
Figure 5. Schematic of the MRAC architecture. 
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The goal of the reference tracking control system is to follow the commanded 
reference signal, r(t), with as little error as possible. The control law of the MRAC derived 
ACS takes the form: 
𝑢(𝑡) =  −𝐾𝑥
𝑇𝑥(𝑡) + 𝑢𝑎𝑑(𝑡) (29) 
where 𝑢𝑎𝑑(𝑡) is the adaptive component and Kx is and feedback gain matrix that multiplies 
the state variables. From this feedback matrix, the closed loop system can be achieved: 
𝐴𝐶𝐿 = 𝐴 − 𝐵𝐾𝑥
𝑇 (30) 
The closed loop matrix ACL is the reference model corresponding to a designed and stable 
closed loop system that represents the desired dynamics of the system. From the designed 
system and desirable dynamics, the state predictor takes the form: 
?̇?𝑚(𝑡) = 𝐴𝐶𝐿𝑥𝑚(𝑡) + 𝐵[𝑢(𝑡) + 𝐾𝑥(𝑡)𝑥(𝑡)] (31) 
 For the spacecraft system, Kx is unknown; however, the feedback gain matrix can 
be estimated for MRAC derived ACS. The estimated adaptive gain matrix becomes ?̃?𝑥 
where: 
?̃?𝑥 = −𝛤𝑥(𝑡)𝑒(𝑡) (32) 
where e(t) = y(t) – ym(t) and 𝛤 is the adaptation gain.  Assuming all states are observable 
or estimated, e(t) = x(t) – xm(t). The estimation of the adaptive gain matrix, ?̃?𝑥, can be 
enhanced by using a Lyapunov candidate function. Using the Lyapunov function, the 
adaptive gain is estimated by 
26  
   
 
?̃?𝑥 = −𝛤𝑥(𝑡)𝑒(𝑡)𝑃𝐵𝐶𝐿 (33) 
where BCL is the reference model’s design output matrix and P is the Lyapunov matrix 
which is the solution to the Lyapunov equation given as: 
𝐴𝐶𝐿
𝑇 𝑃 + 𝑃𝐴𝐶𝐿 = −𝑄 (34) 
where Q is a semi-positive definite weighting matrix based on the reference model states. 
For implementation on the spacecraft model, the desired dynamics of the spacecraft 
are modeled as a stable second order system that takes the form: 
𝐺(𝑠) =
𝜔𝑛
𝑠2 + 2𝜉𝜔𝑛𝑠 + 𝜔𝑛2
 (35) 
where 𝜔𝑛 and ξ are the natural frequency and damping ratio of the reference model 
respectively. These values are chosen by the ACS designer to create the desired dynamics 
of the stable system for comparison with the actual system. This simple system creates a 
second order state space represented by: 
[
𝑥1̇
𝑥2̇
] = [
0 1
−𝜔𝑛
2 −2𝜉𝜔𝑛
] [
𝑥1
𝑥2
] + [
0
1
] 𝑢(𝑡) (36) 
This state space representation provides the closed loop reference model matrices 
ACL and BCL used in the design of the MRAC based ACS. The damping coefficient and 
natural frequency of this system are chosen by the design based on the desired dynamics 
of the system.  
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3.6. Artificial Immune System Based Adaptive Control Laws 
Recent research efforts are directed toward developing novel control techniques to 
increase mission safety and build a robust control system capable of rejecting disturbances 
to the system. Close proximity missions, such as vehicle docking, are hazardous as two 
vehicles must come into close contact with each other and perform the mission objectives; 
a robust and stable attitude control system is paramount especially when the mission 
involves human activity. To design a robust system, a novel adaptive ACS design is applied 
to the spacecraft with fuel slosh model that utilizes the biological immune system 
metaphor. The immune system of living organisms is a highly complex and evolutionary 
network that protects the body from hazardous threats to the health of the host (Benjamini, 
1992). To successfully protect the health of the organism, the immune system must 
eliminate the external agents threatening the body; thus, the immune system must always 
adapt to different types of intruders. 
The immune system metaphor is an example of a self-regulated feedback dynamic 
network capable of automatically producing the correct amount of specialized cells to 
defend the host from a specific infection or anomaly in the body. The immune system 
metaphor has been applied successfully in data mining, computer security, and aircraft 
systems. Despite the complexity and intricate behavior of the immune system, simple 
mathematical models have been developed for the principle regulatory interactions using 
differential equations. A simple mathematical model used for the AIS control architecture 
follows a similar process in (Perez, Moncayo, Togayev, Perhinschi, & Azzawi, 2015) 
representing the immune system response can be obtained from Figure 6. 
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Figure 6. Immune System representation (Perez, Moncayo, Perhinschi, Azzawi, & 
Togayev, 2015). 
The immune system is composed of antibodies and lymphocytes, which are either 
T-cells or B-cells. The bone marrow produces the B-cells; these cells are in charge of 
finding the intruding antigens and eliminating the threat by producing antibodies. The T-
cells include Th-cells and Ts-cells, which the immune system uses to control the amount 
of B-cells in the body, and thus, control the amount of attacking antibodies produced. In 
the event of an infection, the number of Th-cells are greater than the number of Ts-cells 
corresponding to a production of B-cells to counteract and reduce the infection antigens in 
the organism (Perez, Moncayo, Perhinschi, Azzawi, & Togayev, 2015). However, once the 
antibodies eliminate the infection, it is important to regulate the number of B-cells; if 
antibodies are still produced but antigens are no longer present for the antibodies to attack, 
the antibodies could attack the healthy cells of the organism. Thus, once the infection is 
controlled, the Ts-cell number increases resulting in fewer B-cells, and consequently, fewer 
antibodies produced. This regulatory system will find a dynamic balance stabilizing the 
immune system. 
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The AIS controller developed for the ACS for a spacecraft with fuel slosh modes 
combines concepts of model reference control, direct adaptive bio-inspired control, and 
optimal control (Perez R. , 2016). Control laws for adaptive bio-inspired control system 
follow the mathematical representation shown in Figure (3). Let the stimulation of the T-
cells by the B-cell production be expressed as the difference between the instantaneous 
quantity of Th-cells, Th(k), and the Ts-cells, Ts(k): 
𝐵(𝑘) = 𝑇ℎ(𝑡) − 𝑇𝑠(𝑡) (37) 
The antigen production at time t is defined as λ(t). The production of Th-cells and 
Ts-cells will correspond to a stimulant constant c1 and c2 respectively (Perez, Moncayo, 
Perhinschi, Azzawi, & Togayev, 2015) given by  
𝑇ℎ(𝑡) = 𝑐1𝜆(𝑡) (38) 
𝑇𝑠(𝑡) = 𝑐2𝑓(Δ𝐵(𝑡))𝜆(𝑡) (39) 
where 𝑓(Δ𝐵(𝑡)) is a nonlinear function relating the change of B-cells to the instantaneous 
amount of Ts-cells. Δ𝐵(𝑡) is the change in concentration of the B-cells within the system. 
Substituting equations (38) and (39) into (37) yields a relationship, equation (40), of the B-
cells present in the system as a function of the antigens present in the body. 
𝐵(𝑡) = 𝐾[1 − 𝜂𝑓(Δ𝐵(𝑡))]𝜆(𝑡) (40) 
where K = c1 is the reaction rate of the system and 𝜂 =
𝑐2
𝑐1
, a proportionality factor 
describing the interaction between Th-cells and Ts-cells. If B(t) is used as the control input 
to the system and 𝜆(𝑡) is replaced by an error signal, a feedback mechanism is created 
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analogous to the immune system behavior where the continuous time control law takes the 
form: 
𝑢(𝑡) = 𝐾[1 −  𝜂𝑓(Δ?̇?(𝑡))]𝑒(𝑡) (41) 
This control law can be used to augment an existing control architecture with a 
model reference. The reference model used for the pitch response of the spacecraft with 
fuel slosh was developed using a cascade controller architecture. The cascade controller 
follows the closed loop control law presented in equation (42): 
?̈?𝑚 = 𝑢𝜃𝑚(𝑡) = 𝑘?̇?[𝑘𝜃(𝜃𝑑 − 𝜃𝑚) − ?̇?𝑚] = 𝑘?̇?𝑘𝜃(𝜃𝑑 − 𝜃𝑚) − 𝑘?̇??̇?𝑚 (42) 
where 𝜃𝑑  and 𝜃𝑚 are the desired (reference) and the pitch angle respectively, and 𝜃?̇? is the 
system’s pitch rate. Subscript m denotes the model reference response. The gains, 
𝑘?̇? and 𝑘𝜃are given by: 
𝑘?̇? = 2𝜁𝜃𝜔𝑛𝜃 𝑘𝜃 =
𝜔𝑛𝜃
2𝜁𝜃
 
where 𝜁𝜃𝜔𝑛𝜃 represent the reference model’s designed damping ratio and natural 
frequency, respectively. 
The model reference AIS controller augments the LQG with integral action 
response adapting the control input, Δ𝑢𝑥(𝑡), defined as the difference between the model 
reference control input, 𝑢𝜃𝑚(𝑡), and the closed loop nominal response provided by the 
LQG, 𝑢𝜃(𝑡),. Considering the adaptive control structure shown in Figure (4), the closed 
loop dynamics follow: 
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?̈? = 𝑢𝜃(𝑡) + 𝑢𝐴𝐷(𝑡)       
?̈? = {−𝐾𝑖𝑧(𝑡) − 𝐾𝑝[𝑥(𝑡) − 𝑥𝑑(𝑡)] + 𝑢𝑑} + [−𝑘𝑒𝜃(𝑡)(𝜃 − 𝜃𝑚) − 𝑘𝑒?̇?(𝑡)(?̇? − ?̇?𝑚)]  
           (43) 
The adaptive gains follow the relationships: 
𝑘𝑒𝜃(𝑡) =  𝑘𝜃𝑘?̇?𝜂𝑓[Δ𝑢𝑥(𝑡)] 
𝑘𝑒?̇?(𝑡) =  𝑘𝜃𝑘?̇?𝜂𝑓[Δ𝑢𝑥(𝑡)] 
(44) 
where 𝑓[Δ𝑢𝑥(𝑡)] is a definite bounded function that incorporates adaptation. 
 
Figure 7. Model Reference AIS Adaptive Augmentation. 
The adaptation functions tested in simulation with the AIS augmented LQG 
controller take the following forms summarized in Table 1 (Mo, 2009). 
 
 
 
LQG contribution Reference Model 
contribution 
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Table 1. Immune controller adaptation functions. 
Ph(•) fh(•) fs(•)  
Ph(•) = Kp fh(•) = γ fs(•) = (𝑢(𝑡 − 𝑑) − 𝑢(𝑡 − 𝑑 − 1))
2
 (45.1) 
Ph(•) = Kp fh(•) = η fs(•) = 1 −
2
exp(−𝑎?̇?(𝑡))+exp(𝑎?̇?(𝑡))
 (45.2) 
Ph(•) = Kp fh(•) = η fs(•) = 1 −
2
exp(−𝑎?̇?(𝑡)2)+exp(𝑎?̇?(𝑡)2)
 (45.3) 
Ph(•) = Kp fh(•) = η0 fs(•) = 1 − exp (−
𝑢(𝑡)2
𝑎
) (45.4) 
 
 In Table 1, Ph(•) is a generic function that simulates the control system response as 
a function of the error, e(t). fh(•) describes the interaction of the helper cells with the 
antigens (error) while fs(•) describes the generation of the suppressing cells to regulate the 
system’s response when no error is reduced or no longer present. The adaptation law 
function chosen for the ACS design in this paper is described by equation (45.3), a 
quadratic model.  
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4. Simulation Environment 
The simulation environment used for this investigation follows the architecture as 
shown in Figure 4. A modular structure within MATLAB/Simulink is adapted for 
portability, flexibility, and extension capabilities for guidance and control law development 
and future hardware systems testing. The simulation environment utilized for ACS design 
and testing includes the linearized vehicle and fuel slosh model, the control systems, a 
Kalman Estimator, and performance index for characterizing the ACS performance. 
4.1. Spacecraft Configuration and Design Parameters 
The physical parameters used in the simulations are found in Table 2. These values 
were chosen to represent a spacecraft similar in size and performance as the Cassini 
spacecraft as shown in Figure 8. 
 
Figure 8. Cassini spacecraft configuration schematic (Lee and Stupnik, 2017). 
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The most important parameters from this configuration is the propellant 
characteristics, thruster characteristics, and tank parameters. As discussed in Chapter 2, to 
ensure the equivalent mechanical model of the slosh dynamics remains valid for ACS 
design applications, the Bond number must be sufficiently high indicating the inertial 
forces on the propellant dominate the tension forces in terms of the propellant’s motion. 
Hydrazine was chosen as the propellant of choice for the spacecraft configuration used in 
simulation. Hydrazine is often used as a monopropellant for spacecraft which reflects the 
single tank spacecraft configuration under consideration. A fifty percent fill ratio is 
assumed for spacecraft testing which presents a “worst case” situation for the propellant 
slosh and spacecraft interaction. With hydrazine as the propellant choice and spacecraft 
parameters presented in Table 2, the Bond number can be calculated. 
𝑎 =
𝐹
𝑚 + 𝑚𝑓1 + 𝑚𝑓2
 (46) 
𝐵𝑜 =
𝜌𝑎𝑅2
𝜎
=  
𝜌𝑅2
𝜎
𝐹
𝑚 + 𝑚𝑓1 + 𝑚𝑓2
 (47) 
The chosen spacecraft configuration gives a Bond number greater than one 
thousand for the fifty percent fill ratio. This high Bond number indicates that the tension 
forces of the liquid are negligible. Thus, the model validity constraint is satisfied and the 
mechanical model for sloshing dynamics can be used for attitude control system design 
analysis. 
 
35  
   
 
Table 2. Spacecraft model parameters. 
Parameter Value Parameter Value 
m 2523 kg b 2.0 m 
𝑚𝑓1  776.9 kg d 2.0 m 
𝑚𝑓2 21.6 kg h1 0.60 m 
I 4200 kg/m2 h2 0.055 m 
I1 82 kg/m
2 ρprop 1020 kg/m3 
I2 8 kg/m
2 R0 0.72 m 
F 485 N σprop 66.7 mN/m 
After determining the spacecraft design and physical parameters of the spacecraft 
configuration, the equivalent mechanical model to capture the sloshing dynamics can be 
calculated. Knowing the fill ratio, tank shape, and total fuel mass on-board the spacecraft, 
the work of (Dodge, 2000) provides an analytical solution to designing the physical 
parameters of mechanical sloshing model. For the mass-spring-damper model, Figure 9 
can be used to determine the equivalent sloshing masses to capture the dynamics of the 
propellant of the actual system. A single spherical tank at a 50% fill level used the 
spacecraft configuration considered in this research. 
 
Figure 9. Propellant mass parameters (Dodge, 2000). 
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4.2. Linearized Model 
The simulation employs the linearized model developed in Chapter 2. Each test 
case shown in the results section used identical spacecraft plants. The control laws 
developed in the previous sections are implemented for a spacecraft with fuel slosh 
dynamics to determine the performance of each ACS.  
For attitude control design purposes, the spacecraft is in close proximity operations 
environment where the spacecraft is performing a plane change maneuver and accelerating 
toward a target vehicle. Applying these physical parameters to the state space model yields: 
𝑥 = [𝜃, ?̇?, 𝑥𝑠,1
 ,  𝑥𝑠,1̇ , 𝑥𝑠,2
 ,  𝑥𝑠,2̇
 ] 𝑢 = [𝑓,𝑀] 
 
𝐴 =  
[
 
 
 
 
 
0
0
0
1
0
0
0
−0.0699
0
 
0
−0.0051
1
0
−0.0140
0
0
−0.0003
0
0
0
0
0
0
0
−0.5423
0
−0.2023
−0.0396
0
−0.0146
−0.0405
0
−2.6793
−0.0008
1
−0.0504]
 
 
 
 
 
 , 𝐵 = 
[
 
 
 
 
 
0
0.3635
0
0
0.1495
0
0.2593
0
0.2593
0.2344
0
0.2344]
 
 
 
 
 
 
This linear model determines the stability of the system. Analyzing the A matrix 
eigenvalues, the calculated stability of the system follows: 
det(𝜆𝐼 − 𝐴) = det
[
 
 
 
 
 
𝜆
0
0
1
𝜆
0
0
−0.0699
𝜆
 
0
−0.0051
1
0
−0.0140
0
0
−0.0003
0
0
0
0
0
0
0
−0.5423
0
−0.2023
𝜆 − 0.0396
0
−0.0146
−0.0405
𝜆
−2.6793
−0.0008
1
𝜆 − 0.0504]
 
 
 
 
 
 
This yields the eigenvalues: 
𝜆1,2 = 0 
37  
   
 
𝜆3 = −0.0196 + 0.734𝑖  𝜆5 = −0.0253 + 1.64𝑖 
𝜆4 = −0.0196 − 0.734𝑖 𝜆5 = −0.0253 − 1.64𝑖 
These eigenvalues confirm that the system is neutrally stable with two oscillatory 
modes; characteristics reflecting a spacecraft with slosh modes. The oscillatory modes for 
this model have the following damping coefficients and natural frequencies. 
ωn,3,4 = 0.734 rad/s ξ3,4 = 0.0267 
ωn,5,6  = 1.640 rad/s ξ5,6 = 0.0155 
4.3. Nonlinear Simulation Environment 
The nonlinear simulation environment utilizes the full nonlinear equations derived 
in Chapter 2, specifically corresponding to equations (11)-(14), for the spacecraft with 
propellant slosh. These equations of motion are highly coupled and nonlinear. The 
nonlinear simulation environment also utilizes an actuator model for the spacecraft side 
thrusters. This actuator model is presented in Chapter 4.2.1. The actuator model transforms 
the commanded control inputs from the ACS into actual thrust outputs generated by the 
side thrusters.  
The nonlinear simulation environment is used to determine each control system’s 
capability of achieving the control objective given nonlinearities in the actual spacecraft 
system and a more realistic thruster control allocation. Additionally, the nonlinear 
simulation environment employs the same performance index for comparison and 
performance evaluation for each test case and control architecture. For the attitude control 
systems, the simulation environment is comprised of the same general elements presented 
in Figure 4 which includes the controller, the spacecraft plant model, and the Kalman Filter 
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for state estimation. The only additional element to the nonlinear system is thruster 
actuator. 
4.3.1. Spacecraft Thruster Actuator Model 
For the nonlinear spacecraft simulation environment, a thruster actuator model was 
designed and implemented to transform the commanded thrusts from the control system 
into actual thrust outputs used by the spacecraft model. This actuator model is designed to 
create a more realistic spacecraft simulation. From the linearized spacecraft model, the 
lateral thrusters could “throttle” to provide any amount of required actuation. However, 
this is not the case with most spacecraft. Typically, spacecraft thrusters are only capable of 
generating certain amounts of control based on the time the thrusters fire. Furthermore, if 
the thruster is capable of throttling, the thrust output is typically nonlinear based on the 
throttle setting of the thruster. Thus, to immolate a more realistic scenario, the spacecraft 
thruster actuator was developed. 
Most spacecraft attitude control systems employ pulse width modulators (PWM). 
This system transforms the commanded thruster output provided by the controller into 
pulses of varying frequency to obtain the desired output since most reaction controllers are 
sample based (Sidi, 1997). This implies that the commanded lateral thrust from the ACS is 
not the actual thrust the spacecraft utilizes. The thruster actuator model utilizes PWMs and 
the general schematic of the model is provided in Figure 10. 
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Figure 10. Thruster actuator model diagram 
Spacecraft systems have a maximum thrust capability for the attitude control 
thrusters; thus, a lookup table is used to transform the commanded thrust into an actual 
thrust based on design. Most attitude control thrusters are only capable of small 
adjustments. To reflect this limitation, the maximum allowable thrust of the spacecraft is 
set to 25 N. The lookup table follows a nonlinear trend allowing the spacecraft to 
commanded different thrusts. This nonlinear curve takes into account system losses when 
commanding lower thrusts. 
Finally, the thrust actuator model utilizes a trigger function to determine the pulse 
width of the spacecraft input. This trigger determines the on and off cases for the thruster 
based on the duty cycle commanded by the ACS and a function of the attitude error. When 
a minimal control input or attitude error is reached, the thruster system is turned “off” to 
keep the control from over exciting the system and saturating the thruster. 
4.4. Performance Index 
A Performance Index (PI) is needed to evaluate how well the attitude control 
systems obtain the reference state. To acquire quantitative measurements of performance, 
metrics define the ACS pointing capabilities. A performance metric utilizes cost functions 
to track the errors in thruster activity, torque requirements, and attitude error. An ACS must 
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be able to acquire the desired attitude within an appropriate time frame while keeping the 
thrust activity to a minimum. The thruster activity and attitude error performance metrics 
are weighted to generate the combined performance index for the system and ACS design. 
The tracking performance index is a weighted average with individual components 
from the control actuation metrics and the attitude error metric. The weights have 
subjective importance to the performance criteria of the attitude control system. If the total 
simulation time is T, the thruster activity performance metric uses the following form 
(Perez, Moncayo, Perhinschi, Azzawi, & Togayev, 2015) (Wilburn, Perhinschi, & 
Moncayo, 2013): 
𝐼?̇?𝑇 =
1
𝑇
1
𝐶
∫|𝛿𝑇(𝑡)|
𝑇
0
𝑑𝑡 
(48) 
The thrust index develops a relationship for the thrust required by the controller. 
For the thruster activity, the thrust output is normalized with respect to the worst-case thrust 
requirement from simulation testing. This cutoff value, C, is used to normalize the thrust 
actuation to achieve the performance metric for required thrust output, PVT. 
The torquer control actuation also utilizes a performance metric that quantifies the 
required moments of the spacecraft to obtain the desired maneuver. The performance index 
for the torquer control activity is given as: 
𝐼?̇?𝑀 =
1
𝑇
1
𝐶
∫|𝛿𝑀(𝑡)|
𝑇
0
𝑑𝑡 
(49) 
where C is the cutoff value and 𝛿𝑀(𝑡) is the control effort of the reaction wheel used to 
generate the moment. The final normalized torquer performance metric becomes PVM. 
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The attitude tracking performance metric utilizes a similar form to the thruster 
actuation metric. This performance metric quantifies the pointing performance of the ACS 
in both accuracy and time. A low attitude tracking metric reflects fast response to a desired 
attitude with the least error. Equation (35) defines the attitude tracking metric as: 
𝐼𝑒𝜃 =
1
𝑇
1
𝐶
∫|𝜃𝑑(𝑡) −  𝜃(𝑡)|
𝑇
0
𝑑𝑡 
(50) 
where 𝜃𝑑(𝑡) and 𝜃(𝑡) are the instantaneous desired and actual attitude, and C is the cutoff 
value used to normalize attitude tracking performance metric to achieve the performance 
metric for attitude tracking, PVθ. 
The individual performance indices, PVM, PVT and PVθ, combine into a weighted 
sum to produce the overall performance index, PIACS. The relationship between the 
individual performance indices and the global performance metric are given by: 
𝑃𝐼𝐴𝐶𝑆 = 𝑤𝜃 ∙ 𝑃𝑉𝜃 + 𝑤𝑇 ∙ 𝑃𝑉𝑇 + 𝑤𝑀 ∙ 𝑃𝑉𝑀 (51) 
𝑤𝑀, 𝑤𝜃 and 𝑤𝑇 are the desirability weights. The weights for each metric are subjective with 
relative importance. For ACS design for close proximity operations, the attitude tracking 
requirement is the most significant metric since a misaligned vehicle would not be able to 
perform a plane change maneuver accurately to rendezvous or dock with another vehicle 
or target. The weights used to generate the performance index responses in this study are 
summarized in Table 3. 
 
42  
   
 
Table 3. Performance Index weights. 
Performance Weight Value 
𝑤𝜃 0.70 
𝑤𝑇 0.15 
𝑤𝑀 0.15 
The relationships outlined in equations (48) through (51) provide the accumulated 
performance of the ACS to achieve desired attitude with fuel slosh dynamics. Using these 
relationships, zero corresponds to perfect performance while the errors accumulate over 
time to show the flight’s overall performance. This implementation is useful for 
characterizing the performance of the different control architectures implemented for the 
ACS.  
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5. ACS Development and Linear Simulation Comparison 
Several test cases designed to evaluate the capabilities of the different control 
system architectures are executed in the simulation environment. The test cases show both 
a nominal system response to a commanded attitude change and a failure case where the 
spacecraft encounters a disturbance. The performance index compares and evaluates the 
ACS performance for each test case to determine the effectiveness of each control system 
to reject disturbances and obtain the desired spacecraft attitude. The spacecraft utilizes the 
physical parameters outlined in Chapter 4 with the same linearized spacecraft model with 
fuel slosh dynamics. 
The simulation reflects a close proximity mission where a spacecraft must 
accelerate toward a target. A plane change maneuver is required 10 seconds after the 
acceleration starts requiring a 5° change in attitude. Both the nominal test case and the 
failure test case use this sequence of maneuvers as the baseline for performance. The 
control systems investigated were designed and “tuned” for this nominal test case; the 
control objective is to acquire the desired attitude change while keeping the error within 1° 
of the commanded attitude while simultaneously suppressing the fuel slosh dynamics. The 
response parameters used to evaluate the control system performance is the final 
performance index value, the settling time, maximum error, and the maximum control 
effort required; the settling time is the time that the oscillatory motion of the system 
remains within 1% of the commanded attitude. The Kalman Estimator initial conditions 
have a bias to simulate imperfect state measurements to reflect a real-world situation that 
the control system must compensate. These biases are summarized in Table 4 with the 
initial conditions of the spacecraft’s Kalman Estimator. 
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Table 4. Kalman Estimator initial conditions for simulation testing. 
State Variable 
Spacecraft 
Initial Condition 
Kalman Estimator  
Initial Condition 
Spacecraft attitude, θ          [°] 0 0.21 
Spacecraft angular rate, ?̇?   [°/s] 0 0.05 
Spring displacement, 𝑥𝑠1     [m] 0 0.0 
Fuel mass velocity, ?̇?𝑠1         [m/s] 0 0.05 
Spring displacement, 𝑥𝑠2     [m] 0 0.003 
Fuel mass velocity, ?̇?𝑠2         [m/s] 0 0.0 
5.1. Nominal Test Case Results 
5.1.1. PID Controller Results 
The PID based attitude control system provides a simple and easily derived control 
solution to achieve the desired state. For the nominal test case, the PID derived ACS tracks 
the commanded plane change while suppressing the fuel slosh dynamics. The system 
remains stable with minimal oscillatory motion and low control actuation. However, as 
discussed in Chapter 3, the PID requires high rate feedback and filtering to ensure the slosh 
dynamics do not get excited from the control system. As a results, the PID has the worst 
performance of the control systems developed requiring much more time to achieve the 
desired attitude with a high over shoot. The maximum pitch angle error resulting from this 
overshoot exceeds the 1° maximum error limitation. Figures 11-12 show the results of the 
PID control architecture. 
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Figure 11. PID attitude control system response to nominal maneuver. 
 
Figure 12. Control effort for PID based ACS for nominal conditions. 
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The PID derived ACS achieves the desired control objectives but with poor 
performance. The control system achieves the desired pitch angle within 10 seconds of 
commanded attitude change. The response settles with minimal error margins within 86 
seconds. However, the overshoot caused by this system exceeds the maximum allowable 
pitch angle error of 1°. This overshoot can be reduced with different tuning of the PID 
gains; however, by increasing the damping of the system response, the propellant slosh 
dynamics were excited causing system instability and undesirable dynamics. Thus, to 
ensure the system remained stable throughout the maneuver, the transient response of the 
PID controller was compromised. Table 5 summarizes the settling time and performance 
index results for the baseline controller. 
Table 5. PID performance results for the nominal case. 
Parameter Value 
Settling Time (1%), [s] 86.5 
Maximum Attitude Error [°] 1.64 
Performance Index 9.203 
Maximum Thruster 
Requirement [N] 
96.0 
Maximum Torque  
Requirement [N.m] 
5.3 
5.1.2. LQR Control Response 
The LQR provides an optimal solution to the control input to achieve the desired 
state. For the nominal test case, the LQR derived ACS tracks the commanded plane change 
while simultaneously suppressing the fuel slosh dynamics. The system remains stable with 
minimal oscillatory motion and low control actuation with considerable performance 
improvement over the PID control system. Figures 13-14 show the results of the LQR 
control architecture. 
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Figure 13. Pitch and pitch rate response for LQR attitude controller. 
 
Figure 14. Control effort for the LQR nominal response. 
The LQR derived ACS achieves the desired control objectives. The LQR drives the 
spacecraft to the desired pitch angle within 5 seconds of commanded attitude change and 
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settles with minimal error margins to the reference pitch angle within 50 seconds. 
Furthermore, the LQR suppresses the oscillatory motion caused by the fuel slosh dynamics 
with a maximum attitude error of 0.55°, remaining well within the 1° maximum error 
limitation. Table 6 summarizes the settling time and performance index results for the 
baseline controller. 
Table 6. LQR performance parameters under nominal conditions. 
Parameter Value 
Settling Time (1%), [s] 49.5 
Maximum Attitude Error [°] 0.55 
Performance Index 3.165 
Maximum Thruster 
Requirement [N] 
53.6 
Maximum Torque  
Requirement [N.m] 
3.8 
 
Despite the superior performance of the LQR based attitude control system, the 
LQR requires full state feedback of the system dynamics in order to provide the optimal 
control allocation. This presents a fundamental problem for the fuel slosh problem. As 
previously mentioned, in a realistic setting, the sloshing states will not be available for 
feedback; the sloshing parameters cannot be directly measured by sensors onboard the 
spacecraft (Souza & Souza, 2015).Thus, the LQG presents a solution to this fundamental 
problem in order to utilize optimal control architecture. The LQG employs a Kalman Filter 
designed and utilized to estimate the unavailable sloshing states. 
5.1.3. Linear Quadratic Gaussian 
The LQG is an alternative control system approach utilizing a Kalman Observer to 
provide the propellant slosh states. This ACS design is dependent on the Kalman 
Estimator’s convergence and estimation capabilities. The filter is initialized with the 
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measurement error summarized in Table 4. The LQG must again first compensate for this 
error and drive the system to the commanded attitude while achieving the same control 
objectives as the LQR. As expected, the LQG performs worse that the LQR for the nominal 
case due to the estimation error from the Kalman Filter. Furthermore, the LQG utilizes 
integral action to improve the system’s robustness to parameter uncertainties and outside 
disturbances. The results of the LQG performance are provided in Figures 15-16. The 
integral action causes the LQG to initially over excite the initial system response requiring 
additional time for the ACS to reach the commanded reference. 
 
Figure 15. Attitude response of LQG for nominal maneuver. 
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Figure 16. Control allocation for LQG controller under nominal conditions. 
The LQG is capable of compensating for the measurement errors generated from 
the Kalman Filter. However, the overall performance of the LQG controller is worse in 
comparison to the LQR. Even though the LQG achieves a settling time within 2 seconds 
of the LQR derived ACS, the performance index reflects worse attitude tracking 
performance. The errors from the Kalman Filter is a source of this error; however, despite 
the estimation errors, the LQG over excites the system when driving the states to the 
commanded reference. The larger overshoot results in a higher amplitude slosh mode 
requiring more control effort and time to suppress. However, the performance with the 
given measurement errors remains respectable as the LQG derived ACS achieves the 
desired control objectives. Table 7 summarizes the LQG response parameters for the 
nominal case. 
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Table 7. Nominal maneuver performance parameters for LQG. 
Parameter Value 
Settling Time (1%), [s] 51.5 
Maximum Attitude Error [°] 0.66 
Performance Index 3.961 
Maximum Thruster 
Requirement [N] 
82.1 
Maximum Torque  
Requirement [N.m] 
35.8 
5.1.4. Model Reference Adaptive Controller 
The model reference adaptive control architecture provides an adaptive control 
architecture based on the desired dynamics of the system. The MRAC design scheme 
includes the “nominal” reference model of the spacecraft system which is derived using a 
desired response of the system. This reference model is designed using the natural 
frequency and damping coefficients chosen by the designer for the modeled system. The 
adaptive element of the control system utilizes the error between the nominal model and 
actual dynamics provided by the sensors to generate a correction for the off-nominal 
system. 
The chosen design elements of the MRAC control system designed for the 
propellant slosh problem are outlined in Table 8. Since this control architecture actively 
predicts the future states of system and compares these states to the reference model, the 
MRAC based ACS is naturally a robust system capable of adapting to any disturbance or 
system failure as they occur. This architecture utilizes two separate model reference based 
controllers, one for each control input. The MRAC response and control effort of the 
system to the nominal test case are shown in Figure 17-18 while Figure 19 shows the 
adaptive gains of the ACS for both the thruster and moment controllers. 
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Table 8. MRAC control paramaeters. 
Thruster Controller Value 
Model Damping Ratio 𝜉 = 0.85 
Model Natural Frequency 𝜔𝑛 = 6.708 
Moment Controller  
Model Damping Ratio 𝜉 = 0.15 
Model Natural Frequency 𝜔𝑛 = 3.84 
 
 
Figure 17. MRAC based ACS response to nominal maneuver. 
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Figure 18. MRAC control allocation for nominal conditions. 
 
 
Figure 19. Attitude and pitch rate adaptive gain response nominal case. 
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 The MRAC based ACS is capable of achieving the control objective and 
suppressing the fuel slosh dynamics. The general performance characteristics of the ACS 
show good tracking of the commanded attitude; however, the MRAC does not provide a 
fuel optimal maneuver, instead using excessive attitude thruster and moment control. This 
active control can be reduced with different control parameters, but changing the natural 
frequency or damping of the desired dynamics will either cause the overshoot to increase 
and thus violate the maximum attitude constraint or increase the settling time beyond the 
given maneuver time frame. The over active control allocation stems from the fuel sloshing 
dynamics. When the maneuver is initiated, the propellant slosh dynamics create a 
divergence between the nominal reference model and the actual dynamics of the system. 
The control response results from the MRAC constantly correcting the system to keep the 
system within the desired dynamics of the model system. Despite the overactive control 
response, the ACS achieves the control objective and successfully completes the maneuver. 
Table 9 summarizes the MRAC response parameters for the nominal case. 
Table 9. Performance parameters for MRAC based ACS under nominal conditions. 
Parameter Value 
Settling Time (1%), [s] 72.5 
Maximum Attitude Error [°] 0.95 
Performance Index 8.947 
Maximum Thruster 
Requirement [N] 
84.9 
Maximum Torque  
Requirement [N.m] 
12.2 
5.1.5. Model Reference Artificial Immune System 
The bio-inspired artificial immune system augmented LQG is initialized with the 
same Kalman Filter errors as the LQG. The augmented ACS is the combined control effort 
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of an LQG with integral action and an artificial immune system. The control system must 
compensate for the measurement errors while suppressing the fuel slosh mode. As shown 
in Figures 20-21, the novel AIS derived ACS is capable of overcoming the state estimation 
errors while driving the system to the desired commanded attitude. The MRAIS maintains 
better performance than the LQG and MRAC based attitude control systems alone. The 
controller parameters for the immune system controller are tabulated in Table 10. The 
MRAIS control architecture is capable of identifying the fuel sloshing dynamics and adapts 
to the sloshing disturbance during the pitch maneuver. In this case, the immune system 
controller responds to the oscillatory motion caused by the liquid sloshing; it treats the 
motion as a threat to the system and adapts the controller gains to compensate for the 
undesired dynamics. Figure 20-21 shows the spacecraft response to the MRAIS controller 
and Figure 22 portrays time history of the adaptive gains for the pitch dynamics. 
Table 10. AIS controller parameters. 
Control Consideration Value 
Damping Ratio 𝜉 = 0.671 
Natural Frequency 𝜔𝑛 = 6.708 
Outer Loop Gain, kθ 5 
Inner Loop Gain, 𝑘?̇? 9 
Adaptive Power Gain 10 
Adaptive Function Bias a = 0.035 
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Figure 20. Pitch and pitch rate for MRAIS nominal response. 
 
 
Figure 21. Control allocation for MRAIS for nominal pitch maneuver. 
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Figure 22. MRAIS adaptive gain and antibody generation for nominal response. 
The model reference AIS control system adapts to the fuel sloshing dynamics 
augmenting the LQG response to the commanded reference. Even with the initial 
measurement errors, the AIS outperforms the LQG and has good results in comparison to 
the LQR. The controller achieves a settling time faster than both the LQG and MRAC 
based attitude control architectures with less maximum attitude error. However, the 
performance index still reflects worse performance when compared to the LQR but the 
augmented system improves the LQG response. The Kalman Estimator error is a source of 
this error requiring the control system to command higher thrust inputs. The AIS derived 
controller had the highest maximum side thruster control effort of the control systems. 
Although this controller had overall worse performance than the LQR for the nominal test 
case, the AIS shows promising results for real-world applications as it utilizes the Kalman 
Filter to estimate the fuel slosh states. Regardless, the ACS design achieves the desired 
control objectives, suppressing the fuel slosh motion and achieving the least attitude error 
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for the control systems tested. Table 11 summarizes the control performance of the 
augmented control system. 
Table 11. MRAIS performance parameters under nominal conditions. 
Parameter Value 
Settling Time (1%), [s] 52.2 
Maximum Attitude Error [°] 0.52 
Performance Index 3.257 
Maximum Thruster 
Requirement [N] 
98.0 
Maximum Torque  
Requirement [N.m] 
21.2 
5.2. Failure Case 
The second test case evaluates the ACS robustness given an anomaly while 
performing the close proximity maneuver. For this test case, the spacecraft and estimator 
are initialized with the same conditions outlined in Table 4. Similar to the nominal test 
case, the spacecraft must perform a 5° attitude change 10 seconds after simulation start. 
However, 70 seconds into the maneuver, a disturbance is introduced to the system. This 
disturbance corresponds to a faulty thruster solenoid and the system experiences 10 N of 
constant thrust in the +z direction that must be compensated for automatically to achieve 
the control objectives. The same control objectives hold for the failure case as the nominal 
case: the ACS must achieve the desired attitude change while keeping the error within 1° 
of the commanded attitude while simultaneously suppressing the fuel slosh dynamics. 
5.2.1. PID Controller 
For the failure case, the PID based ACS proves that the linear control architecture 
is not capable of adequately handing the highly nonlinear and coupled spacecraft with 
propellant slosh system. With the failure test case, when the disturbance is added to the 
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system, the transient dynamics of the controller provide a very large over shoot before the 
damping and integral control stabilizes the system and drives the spacecraft to the desired 
state. Figures 23-24 show the pitch and control responses of the PID derived ACS. 
 
Figure 23. Pitch and pitch rate response for the PID ACS under failure. 
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Figure 24. Control effort for PID control system experiencing failure. 
Although PID derived ACS achieves the desired control objectives, the injected 
failure to the system results in violation of the maximum allowable attitude error and 
lengthy settling times unsuitable for precise maneuvers for spacecraft system. The high 
overshoot and settling time for the failure case is a result of the low control authority 
allowed to the attitude control system. This overshoot can be reduced with different tuning 
of the PID gains but the high rate feedback and filtering of the PID system is required to 
ensure the system remains stable. Furthermore, changing the design parameters of the PID 
would prevent comparison between the linear model design method and the nonlinear 
model implementation. Table 12 summarizes the performance of the PID derived control 
system. 
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Table 12. PID performance parameters for failure case pitch maneuver. 
Parameter Value 
Settling Time (1%), [s] N/A 
Maximum Attitude Error [°] 7.41 
Performance Index 71.6 
Maximum Thruster 
Requirement [N] 
16.8 
Maximum Torque  
Requirement [N.m] 
6.3 
5.2.2. Linear Quadratic Regulator 
For the failure test case, the LQR derived ACS tracks the commanded plane change 
until the failure occurs. The LQR controller is not capable of compensating for the thruster 
error injected into the system. Although the system remains stable, the disturbance drives 
the system to a new attitude with a steady state error; however, this error is persistent as 
long as the disturbance is affecting the system. Despite the failure, the LQR is capable of 
suppressing the fuel slosh dynamics while sustaining the maximum allowable attitude 
error. However, with the steady state error caused by the failure, the LQR derived ACS 
fails to achieve the control objective of achieving and maintaining the commanded pitch. 
Figure 25-26 show the pitch and control results of the LQR architecture with the system 
failure. 
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Figure 25. LQR pitch response under failure conditions. 
 
 
Figure 26. Control response of LQR ACS during failure. 
The baseline LQR controller does not achieve the desired control objectives for the 
ACS. The LQR does maintain a maximum attitude error of 0.61°, within the 1° 
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requirement; however, with the failure persistent in the spacecraft system, the controller 
does not achieve the desired attitude. The performance index clearly shows the degraded 
performance of the LQR with the added disturbance in comparison to the nominal case. 
Table 13 summarizes the controller performance for the failure condition. Even with the 
system failure, the LQR does stabilize the system and prevents unstable and further 
undesirable sloshing dynamics from overtaking the system. The LQR performance would 
be enhanced with integral action augmentation; however, as previously mentioned, integral 
action was not considered for the LQR due to the full state feedback requirement. In most 
cases, the sloshing states would not be available for direct measurement making the LQR 
derived ACS unsuitable for application. 
Table 13. LQR ACS performance parameters for failure case. 
Parameter Value 
Settling Time (1%), [s] N/A 
Maximum Attitude Error [°] 0.61 
Performance Index 25.64 
Maximum Thruster 
Requirement [N] 
86.5 
Maximum Torque  
Requirement [N.m] 
3.8 
5.2.3. Linear Quadratic Gaussian 
Similar to the nominal case, the LQG relies on a Kalman Estimator to achieve the 
state feedback to provide the full state feedback for control input generation. The estimator 
is initialized with the same measurement errors summarized in Table 4. The LQG has 
integral action applied to the control system allowing the ACS to compensate disturbances 
without a steady state error. For this reason, the LQG should have improved performance 
with the thruster failure in comparison to the LQR. Figure 10 shows the LQG derived ACS 
results for the failure case. Figures 27-28 provide the results of the LQG control system for 
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the failure case. 
 
Figure 27. LQG attitude response for failure case. 
 
 
Figure 28. Control effort of the LQG control system experiencing failure. 
The LQG with integral feedback is a more robust ACS design capable of rejecting 
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the disturbance caused by the failed thruster. Unlike the LQR method, the LQG with 
integral action compensates for the disturbance driving the system to the desired attitude. 
Although the controller remains within the bounds of the attitude error, the ACS requires 
302 seconds to suppress the fuel slosh dynamics to negligible amounts for precise attitude 
control. This amount of time may be too slow when considering spacecraft operations and 
close proximity maneuvers. The settling time could be reduced with different weighting 
matrices in the LQG controller design phase; however, by decreasing this settling time, the 
control system will utilize more control authority resulting in an increased overshoot, 
oscillations, and decreasing the control system’s performance for nominal conditions. 
Regardless, the LQG controller achieves the control objectives and remains within the 
bounds of acceptable attitude tracking performance. The ACS performance characteristics 
are provided in Table 14. It is important to note that the maximum attitude error and control 
allocation are not a result of the failure but the nature response of the system to the initial 
pitch command. 
Table 14. LQG performance parameters for failure conditions. 
Parameter Value 
Settling Time (1%), [s] 302.0 
Maximum Attitude Error [°] 0.665 
Performance Index 12.27 
Maximum Thruster 
Requirement [N] 
81.9 
Maximum Torque  
Requirement [N.m] 
35.9 
5.2.4. Model Reference Adaptive Controller 
Similar to the nominal test case, the MRAC control architecture utilizes a 
“nominal” reference model to determine the control response to correct the undesirable 
dynamics that do not match those desired. The chosen design elements of the MRAC 
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control system designed for the propellant slosh problem are outlined in Table 8. The 
control system tested for this failure case is the same control system designed and tested 
for the nominal case. The architecture utilizes two separate model reference based 
controllers, one for each control input. The MRAC response and control effort of the 
system to the nominal test case are shown in Figure 29-30.  Figure 31 shows the adaptive 
gains of the ACS for both the thruster and moment controllers given the failure to the 
system. 
 
Figure 29. Model Reference Adaptive Controller (MRAC) pitch response under failure. 
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Figure 30. Control allocation for MRAC based ACS for failure case. 
 
 
Figure 31. Adaptive control time history for failure case. 
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The MRAC derived ACS performs the best of all control systems when looking at 
the system’s response to the injected failure. Despite the system failure, the MRAC is 
capable of achieving the control objective, tracking the original nominal response almost 
perfectly. Even with the added failure, the difference between nominal MRAC response 
and the response with failure is negligible. This shows the robustness of the adaptive 
controller to outside disturbances or system failures. The ACS is able to completely reject 
the undesirable dynamics. This control architecture actively predicts the future states of 
system and compares these states to the reference model. Thus, the MRAC based ACS is 
naturally a robust system capable of adapting to any disturbance or system failure as they 
occur. Although the MRAC has the best failure rejection of the attitude control systems, 
the overall performance of the MRAC based ACS is similar to the nominal case. The over 
active control use when a failure is not present in the system provides an undesirable and 
non-fuel optimal control response. Furthermore, the MRAC tends to have a higher 
overshoot or longer settling time resulting in a higher performance index in comparison to 
the other optimal control architectures. Despite the overactive control response, the ACS 
is capable of achieving the desired pitch angle without violating the ACS design 
constraints. MRAC response parameters for the failure case are presented in Table 15. 
Table 15. MRAC performance parameters for failure conditions. 
Parameter Value 
Settling Time (1%), [s] 74.5 
Maximum Attitude Error [°] 0.96 
Performance Index 10.27 
Maximum Thruster 
Requirement [N] 
84.1 
Maximum Torque  
Requirement [N.m] 
12.6 
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5.2.5. Model Reference Artificial Immune System 
The AIS derived control system utilizes the same controller parameters listed in 
Table 10. For the failure case, the AIS control architecture adapts to the fuel sloshing 
dynamics and added disturbance. In this case, the immune system controller responds to 
the oscillatory motion caused by the liquid sloshing and responds to the thruster failure 
once the disturbance occurs. The MRAIS generates antibodies as a response to the anomaly 
and adapts the gains to achieve the desired response and suppress the undesirable 
dynamics. Figure 32-33 shows the spacecraft response with the MRAIS controller and 
Figure 34 provides the time history of the adaptive gains for the pitch dynamics in the 
presence of the failure. 
 
Figure 32. Satellite attitude sttates for MRAIS under failure. 
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Figure 33. Control effort of MRAIS based ACS experiencing failure. 
 
 
Figure 34. MRAIS adpative gains for failure case. 
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The MRAIS inspired ACS has the best overall performance of any of the controllers 
developed and tested subject to the failure. The adaptive response allows the controller to 
change the control input to suppress the fuel slosh dynamics and compensate for the failed 
thruster. Although the response is not as immune to the disturbance as the MRAC based 
attitude control system, the MRAIS provides a more fuel efficient and optimal response to 
the given conditions. Shown in Figure 34, the gains of the AIS change rapidly at the 
moment of failure when the dynamics of the system do not follow the reference model. 
This changes the response of the LQG controller resulting in a robust control system that 
rejects the failure with minimal undesirable effects. Overall, the MRAIS achieves the 
control objectives with the best performance of any ACS design when an outside 
disturbance is experienced. Similar to the LQG response results, the maximum control 
requirements and maximum attitude errors are not from the failure but the initial pitch 
command. It is also important to note that the performance of the MRAIS utilizes the 
Kalman Filter measurement errors as well. This provides a more realistic scenario for a 
spacecraft performing close proximity operations. The control performance parameters for 
the AIS inspired ACS design is provided in Table 16. 
Table 16. MRAIS performance results for the failure case. 
Parameter Value 
Settling Time (1%), [s] 166.8 
Maximum Attitude Error [°] 0.52 
Performance Index 6.333 
Maximum Thruster 
Requirement [N] 
97.7 
Maximum Torque  
Requirement [N.m] 
21.1 
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6. Nonlinear ACS Testing 
With the attitude control systems are designed using a linearized spacecraft model, 
the control systems are tested in a nonlinear simulation environment for a spacecraft with 
propellant slosh dynamics. Testing the designed controllers in a nonlinear simulation 
environment allows the difference between the linear and nonlinear performances to be 
distinguished. For a realistic scenario, the designed ACS must be robust to maintain 
spacecraft stability in the presence of fuel slosh dynamics. In reality, the fuel slosh is a 
highly coupled and nonlinear problem for a spacecraft. Thus, the designed control systems 
developed using linear techniques must also be capable of maintaining the performance 
characteristics for the nonlinear system. The nonlinear simulation environment utilizes the 
full nonlinear equations derived in Chapter 2 for the spacecraft with propellant slosh. The 
actuator model for the spacecraft side thrusters discussed in Chapter 4 are used to determine 
each control system’s capability of achieving the control objective given with a realistic 
thruster configuration as most spacecraft configurations do not have throttleable attitude 
control thrusters. The nonlinear simulation environment employs the same performance 
index for comparison and performance evaluation for each test case. This index will 
characterize the effectiveness of each control system as well as characterize the 
effectiveness and capability of the linear ACS design method in developing controllers for 
the nonlinear spacecraft with propellant slosh system. 
 Similar to the linear testing, the ACS must drive the system to the desired state 
despite the destabilizing fuel slosh mode. The same nominal and failure test cases were 
simulated for each attitude control system design to determine their ability to control the 
nonlinear system despite the linear design method. The spacecraft utilizes the physical 
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parameters outlined Chapter 4. 
The objective of the nonlinear simulation testing is to compare and analyze the 
effectiveness of designing the attitude control systems using the linear equivalent model. 
By testing the linearly designed control methods with the full, nonlinear equation of 
motion, the differences between the linear model design process and the nonlinear 
spacecraft model can be characterized. This testing process reflects developing an ACS for 
a real spacecraft system using preliminary analysis and simulation testing and the 
performance of the ACS on the actual spacecraft. Overall, insight is provided on the 
limitations of linear design methods and the control system architectures themselves for 
applications to the spacecraft with propellant slosh problem. 
6.1. Nominal Case 
As described in Chapter 5, the simulated maneuver reflects a close proximity 
mission where a spacecraft must accelerate toward a target. The plane change maneuver is 
initiated 10 seconds after the acceleration starts with a commanded 5° change in attitude. 
The nominal test case and the failure test case use this sequence of maneuvers to test each 
ACS design and capability in achieving the control objective. The control systems tested 
are the same controllers developed and tested in the linear simulation. Designed and 
“tuned” for the linear simulation nominal test case, the controller objective is to acquire the 
desired attitude change while keeping the error within 1° of the commanded attitude while 
simultaneously suppressing the fuel slosh dynamics. The response parameters used to 
evaluate the control system performance is the final performance index value, the settling 
time, maximum error, and the maximum control effort required. For the LQG based control 
systems, the Kalman Estimator utilizes the same initial conditions summarized in Table 4. 
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6.1.1. PID Controller 
The PID based attitude control system is tested in the nonlinear simulation 
environment to determine the control system ability in achieving the desired reference. 
With the nonlinear system, the PID now utilizes the attitude thruster actuator model which 
transforms the commanded thrust from the controller into PWMs and thrust based on a 
nonlinear function determined from a lookup table. The PID was able to track the 
commanded pitch reference in the linearized simulation environment; however, testing the 
ACS with the nonlinear spacecraft system will determine the effectiveness of using the 
linear model for ACS design. 
 For the nominal, nonlinear test case, the PID derived ACS is still capable of 
tracking the commanded plane change while suppressing the fuel slosh dynamics. The 
system remains stable but now has larger amplitude oscillations and the system requires 
more time to correct for the sloshing dynamics. Similar to the linear test case, the maximum 
pitch angle error resulting from the large overshoot exceeds the 1° maximum error 
limitation. Figures 35-36 show the results of the PID control architecture and its control 
response to the nonlinear scenario. 
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Figure 35. Attitude control response for nonlinear spacecraft using PID based ACS. 
 
 
Figure 36. PID attitude response for nonlinear spacecraft. 
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The PID derived ACS achieves the desired control objectives but with similar poor 
performance seen in the linear system testing. The control system achieves the desired pitch 
angle with a fast rising time; however, the system overexcites the spacecraft and sloshing 
dynamics leading to a large overshoot and tracking error. The pitch response for the PID 
based ACS now settles within the 1% error margin at 213 seconds compared to the 86 
seconds for the linear test case. This maximum error caused by system exceeds the 
maximum allowable pitch angle error of 1° deeming this control system inadequate for the 
fuel slosh problem. To improve the PID performance, the control system would need to be 
redesigned and tuned using the nonlinear spacecraft environment with the thruster actuator 
model. This would generate an attitude control system more suitable for this system. 
Fortunately, the relatively simple nature of the PID controller allows the control system to 
be tuned and redesigned quickly for the nonlinear model in comparison to the other control 
systems developed and tested. Table 17 summarizes the performance of the PID derived 
ACS in the nonlinear simulation environment. 
Table 17. Nonlinear performance parameters of PID based control system. 
Parameter Value 
Settling Time (1%), [s] 212.8 
Maximum Attitude Error [°] 3.52 
Performance Index 26.56 
Maximum Thruster 
Requirement [N] 
104.8 
Maximum Torque  
Requirement [N.m] 
6.85 
6.1.2. Linear Quadratic Regulator 
The Linear Quadratic Regulator tracking controller performed the best overall out 
of all ACS designs considered during the linear test case. However, the Linear Quadratic 
Regulator requires a well-known model of the system to maintain its performance. When 
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adding the nonlinearities and the attitude control system, the LQR now contains model 
uncertainties from its original design point. For the nominal, nonlinear test case, the LQR 
is capable of achieving the commanded plane change while simultaneously suppressing the 
fuel slosh dynamics. However, with the added nonlinearities, the LQR performance 
degrades, violating the maximum attitude error constraint. Despite the degraded 
performance, the performance is considerably better than the PID control system. Figures 
37-38 show the results of the LQR control architecture in the nonlinear simulation 
environment. 
 
 
Figure 37. Pitch states for the Nonlinear spacecraft using LQR based ACS. 
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Figure 38. Control allocation for the LQR based ACS for the nonlinear system. 
The LQR derived ACS is still capable of achieving the desired control objectives. 
However, since the LQR control system was designed using the linearized simulation 
environment, the LQR performance degrades to the point of violating the control constraint 
with the nonlinear system. This performance degradation is a result of the unmodeled 
nonlinearities the LQR is now subject to along with the attitude control thruster actuator 
model. Similar to the PID control results, the LQR performance can be improved with a 
control system redesign utilizing different weighting matrices to achieve the desired 
response. The difference between the linear and nonlinear simulation results demonstrate 
the ineffectiveness of designing an LQR based attitude control system for the nonlinear 
spacecraft with fuel slosh problem. Table 18 summarizes the nonlinear performance of the 
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LQR derived ACS. 
Table 18. Performance parameters for LQR based ACS for nonlinear spacecraft. 
Parameter Value 
Settling Time (1%), [s] 97.6 
Maximum Attitude Error [°] 1.02 
Performance Index 7.014 
Maximum Commanded Thrust [N] 45.7 
Maximum Torque [N.m] 12.6 
 
Again, it is important to note that LQR requires full state feedback of the system 
dynamics in order to provide the optimal control allocation. For the actual nonlinear 
system, the sloshing states are not available for feedback as the sloshing parameters cannot 
be directly measured by sensors onboard the spacecraft (Souza & Souza, 2015). 
6.1.3. Linear Quadratic Gaussian 
The LQG utilizes the Kalman Observer outlined in Chapter 3 to estimate and 
provide the propellant slosh states for the full state feedback control architecture. This ACS 
design is dependent on the Kalman Estimator’s convergence and estimation capabilities 
which were designed and tested utilizing the linearized model. Similar to the linear 
simulation environment tests, the Kalman Filter is initialized with the measurement errors 
summarized in Table 4. The LQG needs to compensate for the errors of the estimator and 
drive the system to the commanded attitude while achieving the same control objectives as 
the LQR. Since the LQG was developed using the linear system, to remain within the 
bounds of the control constraints, the LQG must be able to reject the nonlinear disturbances 
caused by the sloshing dynamics as well as overcome the discrepancies between the linear 
model based state estimator and the actual dynamics of the system. Figures 39-40 provide 
the nonlinear simulation results of the LQG based attitude control system. 
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Figure 39. Attitude response for nonlinear spacecraft using LQG based ACS. 
 
 
Figure 40. Control effort of the LQG based control system for nonlinear spacecraft. 
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The LQG is capable of compensating for the measurement errors generated from 
the Kalman Filter as well as the nonlinearities of the spacecraft system. The estimator is 
capable of converging fast enough to allow the control system to compensate for slosh 
dynamics and drive the system to the desired state. It is important to note that if the Kalman 
Estimator’s convergence rate decreased, the control response would lag behind the system 
dynamics resulting in undesirable and unstable attitude tracking. Despite being developed 
using the linearized spacecraft model, the LQG with integral action is robust to the 
nonlinear model dynamics, keeping the system within the desired attitude constraints. The 
LQG is also able to function with the thruster actuator model transforming the LQG inputs 
to actual thrust commands for the spacecraft. 
With the added error tracking term inherent with integral action, the LQG derived 
ACS performs better than the optimal LQR architecture. As previously mentioned, the 
LQR is subject to errors in control given parameter uncertainties and unmodeled 
disturbances injected into the system. The LQG provides a more robust architecture with 
the integral action and reflects a more realistic ACS design as it uses the Kalman Estimator 
to estimate the required states for feedback. Unlike the LQR, the LQG keeps the system 
response within the control constraints; this is a stark difference to the linear simulation 
test cases. This test case shows that with a more robust control system, linear design 
techniques and simulation can be used to develop and test an attitude control system for 
the nonlinear propellant slosh dynamics. Table 19 summarizes the LQG response 
parameters for the nominal nonlinear test case. 
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Table 19. Performance paramters for LQG ACS for the nonlinear test. 
Parameter Value 
Settling Time (1%), [s] 84.1 
Maximum Attitude Error [°] 0.74 
Performance Index 5.944 
Maximum Commanded Thrust [N] 45.7 
Maximum Torque [N.m] 12.6 
6.1.4. Model Reference Adaptive Controller 
The model reference adaptive control architecture provided robust attitude 
responses for the linear simulation test cases. The adaptive control architecture utilizes the 
“nominal” reference model of the spacecraft system to predict and react to dynamic errors 
between the actual system and reference model. This allows the MRAC architecture to 
adapt to any nonlinearities added to the system since the control system is always 
comparing the dynamics to the nominal reference model. 
The chosen design elements of the MRAC control system tested in the nonlinear 
simulation environment are the same design elements as the linear test cases. These 
parameters are outlined in Table 8. Since this control architecture actively predicts the 
future states of the system and compares these states to the reference model, the MRAC 
based ACS is naturally a robust system capable of adapting to any disturbance or 
unmodeled dynamics. Thus, MRAC is capable of providing a robust architecture despite 
the dynamic differences between the linear and nonlinear spacecraft models. The 
architecture utilizes two separate model reference based controllers, one for the attitude 
thrusters and one for the torque. The MRAC response and control effort of the system to 
the nonlinear nominal test case are shown in Figures 41-42 while Figure 43 provides the 
time history of the adaptive gains of the ACS for both the thruster and moment controllers. 
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Figure 41. Pitch response of MRAC control system for nonlinear spacecraft. 
 
 
Figure 42. Control allocation of MRAC based ACS for nonlinear spacecraft model. 
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Figure 43. Adaptive gains for the MRAC attitude control system nonlinear spacecraft. 
The MRAC based ACS is capable of achieving the control objective and 
suppressing the fuel slosh dynamics; however, the nonlinear dynamics of the system effects 
the control response of the MRAC in comparison to the linear test case. With the nonlinear 
spacecraft model and thruster actuator model, the adaptive control system produces a 
maximum attitude error greater than the allowable constraint for the system. The general 
performance characteristics of the ACS show good tracking of the commanded attitude; 
however, the MRAC does not keep the maximum overshoot within the design boundaries 
for the nonlinear simulation environment. Furthermore, the control system maintains the 
same problem as the linear test where the control effort requires excessive use of the inputs. 
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This active control and overshoot violation can be mitigated with different control 
parameters, but changing the natural frequency or damping of the desired dynamics will 
either cause the overshoot to increase and thus violate the maximum attitude constraint or 
increase the settling time beyond the given maneuver time frame. Furthermore, changing 
the design parameters would not show the ability of the linear model to produce a control 
system for an actual spacecraft with propellant slosh modes. Although the MRAC derived 
ACS provides a robust and decent response to the nonlinear sloshing dynamics, the control 
system is not capable of driving the spacecraft to the desired attitude without violating the 
attitude tracking constraints. This test case demonstrates the robust nature of the MRAC 
architecture to model uncertainties as the overall response of the MRAC between the linear 
and nonlinear test cases have negligible differences. Table 20 summarizes the MRAC 
response parameters for the nominal case. 
Table 20. MRAC performance parameters for nonlinear system. 
Parameter Value 
Settling Time (1%), [s] 66.9 
Maximum Attitude Error [°] 1.03 
Performance Index 11.54 
Maximum Commanded Thrust [N] 148.9 
Maximum Torque [N.m] 8.03 
6.1.5. Artificial Immune System 
The bio-inspired artificial immune system augmented LQG is tested using the 
nonlinear spacecraft simulation environment. The MRAIS derived ACS is initialized with 
the same Kalman Filter errors as the LQG listed in Table 4. The augmented control system 
is the combined control effort of an LQG with integral action and the artificial immune 
system architecture. Similar to the LQG control system, the MRAIS must be able to 
compensate for the measurement errors provided by estimator and adapt to the unmodeled 
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nonlinearities of the spacecraft model. The ACS must reject these errors and any 
undesirable dynamics while suppressing the fuel slosh modes. As shown in Figures 44-45, 
the novel implementation of the AIS derived ACS to the spacecraft with propellant slosh 
is capable of overcoming the state estimation errors and system nonlinearities achieving 
the control objectives. The MRAIS maintains better performance than the LQG and MRAC 
based attitude control systems alone. The control system design parameters for the immune 
system controller are provided in Table 10. 
 
Figure 44. Immune system based ACS pitch response for nonlinear spacecraft model. 
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Figure 45. Control effort of the MRAIS controller for the nonlinear case. 
The artificial immune system control architecture is capable of identifying the fuel 
sloshing dynamics and adapts to the sloshing disturbance and nonlinear dynamics during 
the pitch maneuver. In this nonlinear test case, the immune system controller responds to 
the oscillatory motion caused by the liquid sloshing and spacecraft dynamics adapting the 
controller gains to the new system. Figure 46 provides the response of the adaptive gains 
for the pitch dynamics. 
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Figure 46. Adpative gains for MRAIS controller for the nonlinear spacecraft model. 
The AIS control system adapts to the fuel sloshing dynamics, augmenting the LQG 
response to the commanded reference with the presence of unmodeled nonlinearities. 
Provided with the initial measurement errors, the AIS outperforms the other control 
systems tested in the nonlinear simulation environment. Similar to the LQG results, the 
performance of the MRAIS depends on the estimator capabilities to converge to the system 
dynamics to allow the control system to compensate for slosh dynamics and drive the 
system to the desired state. If the Kalman Estimator’s convergence rate is delayed, the 
control response would lag behind the system dynamics resulting in undesirable and 
unstable attitude tracking. Augmenting the LQG response with the model reference, the 
attitude control system is robust to the nonlinear model dynamics, keeping the system 
within the desired attitude constraints. From Figure 46, the adaptive function increased the 
adaptability of the MRAIS gains in comparison to the response the MRAIS for the linear 
system. The antibody generation demonstrates the control system’s ability to adapt to the 
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unmodeled nonlinearities of the spacecraft model and also clearly shows the differences 
between the linearized model and the nonlinear spacecraft simulation.  
 The controller achieves a settling time faster than both the LQG and MRAC based 
attitude control architectures with less maximum attitude error. The AIS derived controller 
had the highest maximum side thruster control effort of the control systems tested. This 
increased control requirement allows the ACS to compensate for the nonlinearities of the 
system and sloshing dynamics. From these test case results, AIS shows promising results 
for real-world applications for spacecraft with fuel slosh problems. It utilizes the Kalman 
Filter to estimate the fuel slosh states and achieves the desired control objectives while 
suppressing the fuel slosh motion in the nonlinear spacecraft model. Furthermore, the 
MRAIS is able to maintain control effectiveness with the thruster actuator model. The 
MRAIS derived ACS had superior performance in comparison to the other control 
architectures for the nonlinear testing. Table 21 summarizes the control performance of the 
augmented control system. 
Table 21. Nonlinear performance parameters for the MRAIS based ACS. 
Parameter Value 
Settling Time (1%), [s] 69.2 
Maximum Attitude Error [°] 0.69 
Performance Index 5.754 
Maximum Commanded Thrust [N] 72.5 
Maximum Torque [N.m] 10.6 
 
6.2. Failure Case 
The failure test case evaluates the ACS robustness given an anomaly while 
performing the maneuver. For this test case, the spacecraft and estimator are initialized 
with the same conditions outlined in Table 4. Similar to the nominal test case, the spacecraft 
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must perform a 5° attitude change 10 seconds after simulation start. However, 70 seconds 
into the maneuver, a disturbance is introduced to the system. This disturbance corresponds 
to a faulty thruster solenoid and the system experiences 10 N of constant thrust in the +z 
direction that must be compensated for automatically to achieve the control objectives; this 
disturbance lasts for the remainder of the simulation execution. The same control objectives 
hold for the failure case as the nominal case. These objectives require the ACS to achieve 
the desired attitude change while keeping the error within 1° of the commanded attitude 
while simultaneously suppressing the fuel slosh dynamics. 
The failure simulations were limited to the LQG and MRAIS control architectures. 
Based on the linear test results and nonlinear nominal test results, the two control systems 
have the best performance given system nonlinearities and disturbance robustness. Testing 
the LQG and MRAIS with failure injected in the nonlinear spacecraft model provides a 
direct comparison to determine if MRAIS augmentation provides improved performance 
over the LQG control architecture alone. Additionally, since these two control systems 
provided the best performance in the linear failure case, the differences between the linear 
and nonlinear spacecraft models can be characterized to determine the effectiveness of the 
linear environment for ACS development. 
6.2.1. Linear Quadratic Gaussian 
The LQG control system is implemented in the nonlinear simulation environment 
with a failure injected to the spacecraft system. The LQG Kalman Estimator is initialized 
with the same measurement errors summarized in Table 4. The LQG must be able to 
compensate for the failure, the estimator errors, and the model uncertainties while 
achieving the control objective without violating the performance constraints. The 
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simulation results of the LQG for this test case are presented in Figures 47-48. 
 
Figure 47. Nonlinear spacecraft model pitch response under failure for LQG ACS. 
 
Figure 48. Control effort of LQG based ACS for nonlinear failure case. 
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The LQG is capable of tracking the desired attitude and successfully performing 
the maneuver despite the thruster failure. With the system nonlinearities and hindered 
control authority provided by the thruster actuator model, the LQG has a longer settling 
time and maximum attitude error. However, the LQG does not violate the performance 
constraints. With the failure injected to the system, the LQG responds to the failure and 
limits the effect of the failure on the response. The performance of the control system is 
directly linked to the performance of the Kalman Filter. If the Kalman Filter does not 
accurately and quickly converge to estimate the sloshing states, the performance of the 
ACS will degrade and likely violate the control constraints. Overall, the LQG provides a 
robust control solution to the spacecraft with failure. Analyzing these results, the linear 
simulation environment is capable of designing a control system for the nonlinear 
spacecraft. Although there is a difference between the two models, the linear system allows 
the ACS to be designed for the nonlinear spacecraft within an acceptable margin of error. 
With further iterations on the control system design, the performance and rejection 
capabilities of the LQG controller can be improved. 
Table 22. Performance parameters for LQG ACS under failure for nonlinear model. 
Parameter Value 
Settling Time (1%), [s] 233 
Maximum Attitude Error [°] 0.98 
Performance Index 15.36 
Maximum Commanded Thrust [N] 52.7 
Maximum Torque [N.m] 12.6 
6.2.2. Artificial Immune System 
The MRAIS control system augments the LQG architecture for the nonlinear 
simulation environment with a failure injected to the spacecraft system. Like the LQG, 
MRAIS utilizes the Kalman Estimator to determine the slosh states for full state feedback. 
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This estimator is initialized with the same measurement errors summarized in Table 4. For 
this nonlinear failure case, the MRAIS must compensate for the failure given the estimator 
errors and the model uncertainties while achieving the control objective. The simulation 
results of the artificial immune system architecture are given in Figures 49-51. 
 
Figure 49. Adaptive Immune system pitch response ACS for nonlinear failure case. 
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Figure 50. Control allocation for MRAIS based ACS under failure for nonlinear model. 
 
Figure 51. MRAIS adpative gains showing failure conditions in nonlinear model. 
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After analyzing the system response, the MRAIS has improved performance over 
the LQG baseline control system. The MRAIS allows the control system to adapt to both 
the system uncertainties and the injected failure to the spacecraft. Shown in Figure 49, the 
gains of the AIS change rapidly at the moment of failure when the dynamics of the system 
do not follow the reference model. This changes the response of the baseline LQG 
controller resulting in a robust control system that rejects the failure with minimal 
undesirable effects despite. Overall, the MRAIS achieves the control objectives with the 
best performance. Similar to the LQG response results, the maximum control requirements 
and maximum attitude errors are not from the failure but the initial pitch command. From 
this final test case, the MRAIS is the best candidate out of the ACS designs tested for 
implementation on the designed spacecraft system. The immune system based controller 
provides a robust architecture capable of adapting to both system uncertainties, 
nonlinearities and failures. When considering the nominal test cases, the MRAIS 
performance remained within the design limitations and achieved the control objectives 
over the other control systems. The LQR is not considered in this case due to the limitations 
of being able to use the LQR full state feedback design on an actual spacecraft system 
where the sloshing states are not available. The control performance parameters for the AIS 
inspired ACS design is provided in Table 23. 
Table 23. MRAIS performance summary for the nonlinear failure test case. 
Parameter Value 
Settling Time (1%), [s] 202.1 
Maximum Attitude Error [°] 0.54 
Performance Index 13.21 
Maximum Commanded Thrust [N] 71.8 
Maximum Torque [N.m] 10.6 
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7. Two-Phase Control System 
When performing close proximity operations, a precise attitude maneuver must be 
performed without generating a lateral acceleration while performing the maneuver. A 
control system designed using linear techniques is not capable of driving the spacecraft to 
a desired attitude while suppressing the oscillatory mass-spring-damper motion without 
increasing the transverse velocity. When linearizing the spacecraft-propellant system, the 
accelerations, and inherently the velocities, are eliminated from the equations of motion. 
To achieve the control objective, a two-phase “switching” control architecture is 
used to suppress the fuel slosh dynamics while stabilizing the transverse velocity acquired 
during a maneuver. The feedback controller first achieves the commanded attitude to a 
minimum error while stabilizing the fuel slosh with the thrusters and torque (Savella, 
2005). The switching controller then stabilizes the transverse velocity with the thrusters 
while maintaining the attitude and damping any slosh effects utilizing the onboard torquer. 
The switching controller operates through two phases where the first phase 
stabilizes the propellant slosh and the second phase controls the transverse velocity 
acquired from the phase one maneuver (Savella, 2005). When given a commanded attitude 
change, the MRAIS controller stabilizes the slosh dynamics first using both the thrusters 
and rigid-body torquer. After stabilizing the system to a desired error threshold, the two-
phase controller then switches to a transverse velocity control mode. Phase 2 triggers when 
the norm of the attitude state vector falls below a defined error condition (10-4) defined as: 
  
‖𝒙‖ =  √𝜃2 + ?̇?2 (52) 
The velocity controller utilizes the thrusters to stabilize the transverse velocity and 
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the torque system suppresses any excited fuel slosh modes while keeping the desired 
attitude. A proportional controller drives the transverse velocity acquired from phase 1 to 
zero with the control law, 
𝑢𝑣𝑧(𝑡) =  −𝑘𝑣?̇? 𝑘𝑣𝑧(𝑣𝑧𝑐 − 𝑣𝑧) +  𝜆𝑣?̇? (53) 
𝑣𝑧𝑐 represents the commanded or desired transverse velocity and 𝑣𝑧 is the actual transverse 
velocity of the spacecraft. The proportional gains are chosen such that the control input 
does not excite the oscillatory slosh modes where 
𝑘𝑣?̇? = 2𝜁𝑣𝑧𝜔𝑛,𝑣𝑧, 𝑘𝑣𝑧 =
𝜔𝑛,𝑣𝑧
2𝜁𝑣𝑧
 (54) 
𝜁𝑣𝑧 and 𝜔𝑛,𝑣𝑧  are the designed damping ratio and natural frequency, respectively, of the 
propellant slosh oscillatory modes, and λ is the acceleration feedback gain to for system 
stabilization. 
7.1. Two-Phase Simulation 
A test case designed to evaluate the capabilities of the two-phase control system 
architecture is executed in a simulation environment that utilizes the full, nonlinear 
equations of motion derived in Chapter 2. The test case compares the response of the single 
phase MRIAS baseline controller with the two-phase control architecture. The two phase 
architecture employed the MRAIS controller for the first phase and a proportional 
controller coupled with the MRAIS system for the second phase. Identical spacecraft plants 
and physical parameters are used for all test cases. The control laws developed in the 
previous sections are implemented for a spacecraft with fuel slosh dynamics to determine 
the performance of the ACS. The physical parameters used in the simulation are presented 
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in Table 2. The spacecraft is initialized with an axial velocity vx = 14 m/s and a transverse 
velocity vz = 0 m/s. The velocities are given as a relative velocity of the orbiting spacecraft. 
These values represent a spacecraft in close proximity operations accelerating toward a 
target vehicle. 
The simulation reflects a close proximity mission where a spacecraft must 
accelerate toward a target. A plane change maneuver is required 10 seconds after the 
acceleration starts requiring a 5° change in attitude. The baseline LQR augmented MRAIS 
control system and the two-phase controller are “tuned” using the equivalent linearized 
system. The equivalent system is subject to the same physical parameters and maneuver 
requirements as the nonlinear simulation used in the test case. The control objective for 
both architectures is to suppress the propellant slosh dynamics while achieving the 
commanded attitude and stabilizing the transverse velocity. This control objective reflects 
the requirements of a plane-change maneuver for a spacecraft to rendezvous with a target 
vehicle or asset. 
7.2. Single-Phase MRAIS Results 
First, the single phase, baseline controller is tested. This ACS utilizes an LQR 
augmented by the artificial immune system adaptive control scheme. Since this control 
system was designed using the linearized equations of motion, the ACS is not capable of 
tracking the velocities, vx and vz. The performance results of the MRAIS controller are 
depicted in Figure 52 with the vehicle states and the control effort is shown in Figure 53. 
Although the attitude control system achieves the desired pitch angle, from these results, it 
is clear that ACS designed using the linearized equations of motion is not capable of 
stabilizing the transverse velocity. In the plots below, the velocity values are given as 
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relative orbital velocities between two vehicles. 
 
Figure 52. Single Phase MRAIS spacecraft states. 
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Figure 53. Control efffort of the MRAIS based ACS single phase-controller. 
 
Figure 54. Single-Phase MRAIS based ACS adaptive gains. 
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The single phase MRAIS controller is not capable of achieving the control 
objective. Although it met the attitude requirements and suppressed the propellant slosh 
dynamics, the linearized control architecture could not stabilize the transverse velocity 
acquired from the initial pitch maneuver. Since this controller was designed using the 
linearized equations of motion, the velocities are not available for tracking. For this reason, 
a two-phase control system is developed. 
7.3. Two-Phase Artificial Immune System 
The two-phase control system utilizes the same control MRAIS architecture for 
phase 1 with the LQR augmented immune system; however, after the propellant slosh 
dynamics are suppressed and the spacecraft achieves the required pitch angle, the second 
phase controller takes over around 150 seconds and the side thrusters stabilize the 
transverse velocity. Figure 55 shows the vehicle pitch and velocities while Figure 56 shows 
the required control effort. The two-phase control is capable of achieving the control 
objective stabilizing the transverse velocity to zero. 
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Figure 55. MRAIS Two-Phase attitude control system spacecraft states. 
 
Figure 56. MRAIS-PID control allocation for two-phase attitude control system. 
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Figure 57. MRAIS adaptive gains for two-phase maneuver. 
The two-phase controller that employed the MRAIS controller for the first phase 
and a PID controller coupled with the MRAIS system for the second phase, was capable 
of achieving the control objective. After the attitude requirements were realized, the 
controller “switched” to the second stage that split the control authority between the 
MRAIS and the velocity controller. 
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8. Monte Carlo Analysis 
Attitude control system design is inherently difficult due to nonlinearities of the 
systems involved and the difficult and cost of testing hardware in a realistic environment. 
Simulation testing and analysis can be used to understand vehicle operating limits and 
identify failure cases. A Monte Carlo simulation approach varies physical parameters 
through a wide range to generate a number of scenarios. The results of these analyses create 
the bounds on the vehicle operating limits and performance to assist in vehicle certification. 
The nonlinear simulation environment was used to conduct a Monte Carlo analysis. 
The goal of the Monte Carlo simulation is to understand the critical design 
sensitivities that can lead to ACS performance degradation and system instability 
(Williams, 2001). Monte Carlo analysis identifies the parameters that have an effect on 
attitude control system performance and determines the boundaries of these parameters for 
achieving the desired control objective. By varying the physical parameters of the 
spacecraft configuration, the probability of success for achieving the control objective is 
characterized based on the parameter uncertainties of the system (Restrepo, 2011). 
The spacecraft physical parameters that were varied for the Monte Carlo analysis 
are summarized in Table 2. A ninety-five percent confidence level was used for the 
spacecraft configuration physical parameters. This confidence level reflects the certainty 
of the spacecraft design that is typical during design cycles. Often when designing a 
spacecraft, the design is inherently known with a small percentage of parameter 
uncertainties. The physical parameters of the spacecraft followed a five percent dispersion 
while the fuel mass and sloshing parameters were varied by ten percent to cover a range of 
propellant tank fill levels to determine the robustness of the attitude control system. 
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Histograms portray the dispersion of the parameters in Figure 58. The Monte Carlo results 
also determine the ability of the linearized model in designing a control system for a 
nonlinear system. Since the attitude control systems were designed using the linear model 
and simulation and then implemented in the nonlinear simulation environment, the Monte 
Carlo analysis results provide the limitations on the linear design model. 
 
Figure 58. Histogram showing the dispersion of physical parameters. 
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For comparison, the Linear Quadratic Regulator and the Model Reference Artificial 
Immune System based attitude control systems were tested using the Monte Carlo 
dispersion analysis. In Chapter 5, the two control systems were tested for a single case in 
the nonlinear simulation environment. However, this comparison was performed using the 
same spacecraft configuration and physical parameters utilized in the linear simulation 
environment for the ACS design. The comparison of the two control architectures using 
the Monte Carlo method will distinguish the robustness of each control system and provide 
insight to the performance degradation of each based on the parameter uncertainties. The 
Monte Carlo analysis distinguishes nominal cases and failure cases. The failure cases were 
chosen by design with the failure constraints consisting of a maximum attitude error of +/- 
0.5° and a performance index less than 7.65 for a commanded 5° pitch maneuver. 
Regulating the transverse velocity was neglected for this analysis. 
8.1. LQR Based ACS Monte Carlo Results 
The Linear Quadratic Regulator based ACS was chosen for Monte Carlo simulation 
due to the high performance portrayed in simulation in comparison to the other control 
architectures for nominal cases. The LQR control architecture provides the optimal control 
solution for a given system. Thus, this attitude control system architecture provided the 
best simulation response in the nonlinear testing. For this dispersion analysis, one thousand 
simulation test cases were run using the nonlinear simulation environment. Some results 
from the LQR Monte Carlo analysis are shown in Figures 59 and 60. 
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Figure 59. ACS performance comparison for fuel masses and main thruster parameters. 
 
Figure 60. Monte Carlo results comparing tank distance, fuel mass 1, and thruster force. 
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For the LQR based attitude control system, Monte Carlo simulation shows that the 
LQR performance degradation does not follow a discernable pattern. Both the nominal and 
failed cases are clustered together throughout the dispersion. From initial research, it is 
expected that ACS performance will degrade with an increased propellant mass fraction 
and higher vehicle accelerations. These results show that the linear quadratic regulator 
control system is not robust to parameter uncertainties. Since this control architecture relies 
on the system model to be well known, any parameter uncertainties will lead to control 
system performance degradation. This was apparent in Chapter 5 when testing the LQR 
based ACS with an added disturbance or failure to the system. Since this control system 
was developed using a linearized model with a fixed spacecraft configuration and fixed 
physical parameters, the control system is not capable of maintaining the performance 
when uncertainties are added to the system. 
For the LQR, out of the thousand test cases simulated, 299 test cases failed the 
performance constraints. Since the Monte Carlo analysis shows no pattern in the failure 
test cases, the performance of the ACS is unreliable and not robust to system uncertainties. 
Although the LQR achieved the desired maneuver within the constraints for a majority of 
the test cases, the performance does not solely depend on the spacecraft’s physical 
parameters. Despite the reduced performance of the LQR given the varying parameters, it 
is important to note that the control system is capable of maintaining system stability and 
eventually achieving the desired pitch maneuver. 
8.2. Artificial Immune System Based ACS Monte Carlo Results 
The Model Reference Artificial Immune System based ACS was chosen for Monte 
Carlo simulation to compare the system’s performance to the optimal control architecture.  
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The MRAIS showed good performance in simulation in comparison to the other control 
architectures for nominal cases and the MRAIS was shown to adapt and augment the 
optimal control allocation for failure cases. The control architecture provides a more robust 
attitude control system in comparison to the LQR. For this dispersion analysis, one 
thousand simulation test cases were run using the nonlinear simulation environment. 
Results from the MRAIS Monte Carlo analysis are shown in Figures 61 and 62. 
 
Figure 61. MRAIS performance results for fuel mass, tank placement, and thruster force. 
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Figure 62. Monte Carlo results for MRAIS with respect to fuel mass, tank distance, and 
thruster distance. 
From the MRAIS Monte Carlo analysis results, the attitude control system 
architecture is capable of adapting to the parameter uncertainties. From Figures 61 and 62, 
the MRAIS based ACS portrays a more reliable control system in comparison to the LQR 
control architecture. From the Monte Carlo results, the failure cases from the MRAIS 
follow a distinct pattern: as the fuel mass and the propellant tank distance from the center 
of gravity increases, the performance degrades and the attitude control system constraints 
are violated. This pattern reveals boundaries of the spacecraft configuration for the attitude 
control system to meet the control objectives without violating the performance constraints. 
These results show that the MRAIS control system is more robust to parameter 
uncertainties. This control architecture utilizes the linear quadratic regulator with integral 
action as a baseline control system. From the comparisons in Chapter 5, the LQG with 
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integral action is more robust to parameter uncertainties and failures. When adding the 
MRAIS control system designed to augment the LQG, the performance was increased for 
both nominal test cases and the failure cases. It is important to note that the MRAIS control 
architecture still relies on the system model to be well known. However, due to the adaptive 
nature of the system, any parameter uncertainties will be identified by the immune system 
and the control allocation will adapt to the given uncertainty or disturbance.  
For the MRAIS, only 154 test cases violated the control performance constraints 
out of the thousand test cases simulated. The failure cases show that the MRAIS 
performance is sensitive to increasing the propellant mass as well as increasing the distance 
of the propellant tank from the center of mass. This relationship is expected since an 
increased propellant mass will increase the disturbance force the sloshing dynamics create 
on the spacecraft, making it more difficult for the ACS to suppress the slosh dynamics. 
Furthermore, increasing the tank distance from the center of mass will increase the 
destabilizing sloshing moment created from exciting the propellant. Although MRAIS fails 
to achieve the desired maneuver for all cases, the Monte Carlo analysis still provides a 
more robust control architecture of ACS design with system uncertainties. Even for the 
failed Monte Carlo test cases, the control system still maintained system stability and 
achieved the desired pitch maneuver regardless of the given parameters. 
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9. Conclusion 
Robust and accurate ACS design for a spacecraft with fuel slosh dynamics is crucial 
for future spacecraft operations. The ACS must drive the system to the desired state despite 
the destabilizing fuel slosh mode. Furthermore, the designed control system must be 
capable of rejecting unmodeled uncertainties, outside disturbances or sensor measurement 
errors that can cause instability. This thesis presented an ACS design comparison study for 
linear, optimal control techniques, a novel application of a model reference artificial 
immune system augmentation, and an adaptive based control architecture. A nonlinear and 
linearized model for a spacecraft with fuel slosh were derived and implemented into a 
simulation environment with a system of performance metrics to determine the robustness 
and performance quality of each control architecture. The control objective for each ACS 
design: to obtain the desired attitude with minimal error while simultaneously suppressing 
the undesirable fuel slosh dynamics. 
After designing the control systems using the linearized spacecraft model, each 
attitude control system design was tested in the nonlinear spacecraft system. The nonlinear 
simulation environment contained the full, nonlinear equations of motion for the spacecraft 
with propellant slosh dynamics as well as an actuator model for the use of the attitude 
control thrusters. Each control system developed using the linear model was tested to 
determine the ability of the control system to maintain tracking performance despite 
nonlinearities initially unconsidered in the design process. After testing the controllers 
under nominal conditions in the nonlinear model, only the Linear Quadratic Gaussian and 
the Model Reference Artificial Immune System derived ACS were capable of achieving 
the control objective without violating the maximum allowable attitude error constraint. 
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These two control systems were then tested under failure conditions for the nonlinear 
spacecraft to characterize the best overall ACS design and determine if the immune system 
augmentation improved the LQG baseline control response. The results of this series of 
tests concluded with the MRAIS having the best overall performance of all control systems 
designed and tested. The MRAIS derived ACS is capable of rejecting system failures, 
adapting to unmodeled uncertainties, and accurately tracking commanded pitch 
maneuvers. Additionally, from simulation testing, the effectiveness of the linear design 
approach is evaluated for ACS design for a nonlinear system. Although the performance 
was inherently worse for each control system between the linear and nonlinear spacecraft 
models, the control system performance degradation was minimal. For a static spacecraft 
configuration, the designed attitude control systems maintained similar accuracies and 
responses between linear model testing and nonlinear testing. This shows that the linear 
model can be used for ACS design. Furthermore, the control system performance could be 
improved with simple “retuning” of the control architectures; however, this was neglected 
for direct comparison between the control systems to be conducted. 
After determining the MRAIS as the control system with the best overall 
performance, a two phase control system was designed utilizing the MRAIS as the baseline 
controller. Linearly derived control systems inevitably lead to a transverse velocity motion 
that a linear control system cannot maintain by itself. This adverse effect caused by linear 
controllers is addressed using the MRAIS coupled with a PD controller to develop a two-
phase switching control system that controls the attitude, suppresses the propellant sloshing 
dynamics, and ultimately regulates the transverse velocity caused by the attitude maneuver. 
The two-phase switching controller was shown to be capable of maintaining the robust and 
114  
   
 
accurate performance qualities of the MRAIS while allowing the PD controller to handle 
the transverse velocity regulation. 
Finally, Monte Carlo simulation methods were utilized to test the LQR and MRAIS 
control systems to determine and characterize significant parameters that effect the 
performance of the ACS. Spacecraft design parameters were modified using a 95% 
confidence dispersion while the spacecraft propellant tank properties were varied using a 
90% confidence level. By varying these spacecraft parameters, the Monte Carlo analysis 
reveals the effects of each parameter on the stability of the attitude control system. The 
Monte Carlo analysis also further demonstrates the design considerations one must take 
when designing a linearized controller for implementation on a spacecraft with fuel slosh 
modes. The linearized spacecraft model provides a useful and easy tool to develop optimal 
control techniques; however, the real system is highly nonlinear. The Monte Carlo analysis 
showed that with these changing parameters and unmodeled uncertainties, the LQR based 
ACS was incapable of maintaining its accuracy and reliability where the MRAIS showed 
superior performance and robustness. 
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10. Future Research 
This research revealed the problems involved with propellant sloshing for 
spacecraft systems. This research endeavor considered several topics of interest within the 
scope of controlling the adverse effects of propellant sloshing; however, there are still 
many avenues not shown in this thesis for future exploration. These areas of interest 
include: 
• Different configurations of spacecraft can be considered for the attitude control 
system design. The spacecraft configuration considered in this research effort 
was mainly limited to a spacecraft designed for orbital operations and close 
proximity missions. However, many spacecraft, including launch vehicles, have 
different control methods and lack torquers and attitude thrusters. Adaptation 
of the MRAIS and other control systems considered would expand the research 
here to other spacecraft types. Additionally, different tank designs can be 
considered as this research effort only considered a spherical tank. Other tank 
designs such as rectangular and cylindrical complicates the fuel sloshing 
problem. 
• In conjunction with researching different spacecraft configurations, 
investigation into spacecraft configurations with multiple tanks can further 
expand this research to apply to other spacecraft types. This research effort 
considered only a single tank, which is representative of a spacecraft utilizing a 
single propellant (monopropellant system). However, most spacecraft utilize 
bipropellants consisting of a liquid fuel and oxidizer. 
• An important concept to consider in this investigation is the spacecraft 
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configuration was held fixed and constant for simulation testing and ACS 
development. In reality, spacecraft parameters are time varying especially the 
sloshing characteristics as fuel is expended from performing maneuvers. When 
fuel is expended, the slosh frequencies change, the slosh mass, and fuel mass 
location will change complicating the ACS design requirements and processes 
further. 
• Investigation into high order slosh modes could reveal additional instabilities 
and nonlinear effects on the control systems developed in this study. Although 
typically neglected, additional high frequency modes can be investigated to see 
if the higher frequency slosh dynamics contribute to a significant performance 
degradation of the ACS.
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